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Aluminium Strut Design * 


by 


J. B. Dwight, M.A., M.Sc., A.M.I.Mech.E. 


Abstract 

In the new Report on the Structural Use of Aluminium, 
which will be published in the near future by the Institution 
and which will supersede the 1950 report, recommen- 
dations are given for arriving at safe stresses in the 
principal types of structural members. This paper 
summarises the background of knowledge that has led 
up to the clauses dealing with struts. The three basic 
modes of failure (column, torsional and local buckling) 
ave studied, and simplified procedures are presented for 
application to some of the more standard shapes of section. 


INTRODUCTION 


In structural design the important ways in which 
aluminium differs from steel, apart from its light weight, 
are : 


a) Low E, 


( 
(b) The extrusion process, 
( 


c) No rust problem, 
(d) High metal cost. 


Because of (d), the designer in aluminium is con- 
tinually struggling to save weight, and he is not helped 
by (a). Therefore he uses (b) to the utmost of his and 
its ability, bearing (c) very much in mind. The 
sections he uses, and often devises, have to be highly 
efficient structurally, and therefore tend to be more 
elaborate than conventional steel shapes. They are 
invariably thinner. As a result stability considerations 
predominate far more than in steel, and the buckling 
problems encountered tend to be more complex. 

This is very much the case with struts. In his efforts 
to improve the resistance to the ordinary kind of strut 
failure, and offset the low E, the designer seeks to spread 
out the material in the section and so achieve as good 
a moment of inertia as possible with a given amount of 
metal. There is a limit to which this process can be 
carried, because if the section is made too wide and thin 
premature failure will occur by some other type of 
buckling. Good strut design consists of going as wide 
and thin as one dares. 

The onset of secondary forms of strut failure in a 
thin-walled member can be delayed by utilizing the 
extrusion process to provide local reinforcement to the 
section, either in the form of bulbs or lips at the toes of 
the flanges, or else liberal fillet metal. In this way the 
section can often be made wider and thinner, and hence 
more efficient, than would be possibile with a plain 
section folded from strip. 


* Paper to be read before the Institution of Structural Engineers 
at il, Upper Belgrave Street, London, S.W.1, on Thursday, 9th 
February, 1961 at 6 p.m. 


Fig. 1.—Two views of a 3in. x 2in. x 0-15in. Bulb 
Angle Strut failing by Torsion. 


The need to allow for the various types of buckling, 
and also the greater complexity of the sections used, 
tend to make aluminium strut design rather laborious 
compared with steel. The aim of this paper is to 
survey the theoretical background ot the various kinds 
of instability, and present simplified procedures for 
calculating buckling loads. 


Modes of Failure 
The three possible types of strut failure are : 
1. Column buckling, 
2. Torsional buckling, 
3. Local buckling. 


Column (or ‘ flexural’) buckling is the well known 
form of failure, and consists of a sudden bowing of the 








Fig. 2.—Thin-walled channel strut failing by local 
buckling. 


member in the direction of least flexural rigidity when 
the critical load is reached. In torsional buckling the 
central part of the strut rotates bodily relative to the 
ends (Fig. 1). Local buckling appears as a series of 
waves in the component plates forming the section, 
the strut as a whole remaining straight (Fig. 2). 

Column and torsional buckling are sometimes 
referred to as ‘ primary’ instability since they affect 
the member as a whole, while local buckling is termed 
‘secondary ’ instability as it involves distortion of the 
cross-section. The critical stress for local buckling is 
independent of the length of the member. 

The three basic kinds of buckling do not necessarily 
occur separately. There will often be interaction 
between torsional and column buckling, and there 
may also be interaction between local and column 
buckling when post-buckling behaviour is studied. 
Generally speaking local buckling is important for short 
struts, while column buckling, if present, will appear 
for struts of intermediate length. For angles and tees 
torsional and local buckling amount to the same thing. 

Torsional and local buckling also appear in light- 
gauge steel design. In conventional (thick) steelwork 
torsional strut failure is never a factor, while local 
buckling of plate assemblies is not unduly critical and 
is treated very simply. 


Load Factor 


In deciding permissible tensile stresses the factor of 
safety to be applied to the yield stress of a material will 
. depend on its ductility. Thus for the usual structural 
alloy H30-WP a factor of 2-3o0n guaranteed 0-1 percent 
proof stress has been adopted in the new Institution 


of Structural Engineers report as compared with 1 -6 on 


The Structural Engineer 


minimum yield for mild steel in B.S. 449 : 1959, this 
alloy being less ductile than mild steel. 

When, however, we come to strut design ductility 
does not matter and there is no reason why the same 
load factor should not be used for both metals. In the 
1950 I.S.E. report on structural aluminium the recom- 
mended load factor for struts based on buckling was 
2-5, as against the factor of 2-0 for steel struts 
adopted in B.S. 449. Nevertheless, the struts in 
nearly all the aluminium structures built since 1950 have 
been designed to the steel load factor, despite the 1950) 
recommendations, and in the new I.S.E. report the 
load factor for struts has been changed to 2-0. 

The current American specifications for light alloy 
structures incorporate a load factor of 2-5 for struts ! 


Material 
The three principal types of structural alloy are : 
U.K. 
Destgnation* 
1. High strength ‘duralumin’ type 
alloy H15 
2. Medium strength MgSi alloy H30 


3. Medium strength non-heat-treated 
alloy (5 per cent Mg) N 6 


The last is a low proof stress alloy mainly used for 
welded plate fabrications, and for the purpose of strut 
design interest must focus on the first two. These are 
heat-treatable alloys which are normally used in the 
fully heat-treated ‘WP’ condition, H30-WP being 
by far the more commonly used. 
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Fig. 3.—Typical stress-strain curves. 


Typical stress-strain curves are given in Fig. 3. 
Minimum specification tensile properties, which in 
pratice are sometimes exceeded by as much as 7 ton/in.?, 
are as follows for extrusions : 


0-1% proof U.T.S. Elongation 


(T/in.?) (T/in.2) (on 2”) 
H15-WP ... ea 24 28 8% 
H15-W a ‘ies 14 24 12% 
H30-WP ... ea 16 19 10% 
N6-M ine et 8 17 18%, 


* For a comprehensive treatise on alloy designations see ‘‘ The 
Properties of Aluminium and its Alloys,” published by the 
Aluminium Development Association. 
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Compression figures, which are what matter for 
struts, are very seldom quoted. With W material it is 
usually found that the proof stress in compression lies 
appreciably below the tension figure and that the knee 
in the stress-strain curve is more gradual. With WP 
material there is generally little difference between 
tension and compression. 

In North America the principal structural alloy is 
H20, an MgSi type material that is similar to our H30. 
In the WP condition it is about 1 ton/in.2 weaker than 
H30-WP, but tends to be slightly more ductile. 

The accepted values in this country for the modulus 
of elasticity E for the above structural alloys are as 
follows :— 

Hi5 eed hs ont + 10-6 x 106 Ib/in.? 
H30, H20... bins vet .-» 10-0 x 106 Ib/in.? 
N6... sae de Ja --» 10-0 x 106 Ib/in.? 


COLUMN BUCKLING 


In dealing with column buckling it is assumed that 
the designer will be using the unsatisfactory ‘ effective 
length’ approach, in which an effective slenderness 
ratio KL/r is arrived at by guesswork, and is then used 
for reading off the critical stress from the strut-curve 
for the material. The factors involved in assessing the 
effective length KL are the same in aluminium as in 
steel, and it is not proposed to dwell on them here. 
The strut-curve, however, is very different and must be 
studied. . 

The oldest strut-curve formula, and still very 
relevant, is that due to Euler in -1757.. As is well 
known, this formula agrees well with test results as 
long as the member behaves elastically, but gives 
values that are too high when the member is short 
enough for the buckling stress to be above the pro- 
portional limit. Some procedure has to be devised for 
modifying it at lower slenderness ratios, to allow for 
inelastic behaviour. Two theoretical lines of approach 
find favour to-day. 


Tangent-Modulus Formula 


The first is the Tangent-Modulus formula put 
forward by Engesser in 1889, which is simply a general- 
ized form of Euler’s formula, E being replaced by the 
tangent modulus E;. For a pin-ended strut it gives 
the following expression for the buckling stress / : 

m2 Ey 


f= apy (1) 


in which E; is the slope of the compressive stress-strain 
curve at stress f. Since Shanley’s classic paper? of 
1947 this formula has been accepted as the correct 
theoretical explanation of column buckling for materials 
which have a smooth stress-strain curve. 

Pre-war work by Alcoa® showed that excellent 
prediction of aluminium column test results could be 
obtained with it, provided Ey was taken from the 
carefully obtained stress-strain curve in compression. 
Unfortunately this work only covered H15-W and the 
low strength alloy N3-}H, and so far no equivalent 
data has been published for the more important 
H20/30 type of material. 

There are difficulties in applying the tangent modulus 
formulain practice. In order to construct a strut-curve 
with it, one has to know the exact shape of the com- 
pressive stress-strain curve. While this presents no 
insuperable problem to the research-worker interpreting 
his column test results on a particular batch of material, 
it is a disadvantage as a basis for design. Design codes 
have to base their working stresses on minimum 


au 


specification properties and it would be difficult to get 
the Industry to agree on a standard minimum stress- 
strain curve foranalloy. Curves obtained are generally 
for specimens that are well above the minimum required 
strength and have to be adjusted. Moreover, it is 
usually only the tension stress-strain curve that is 
available. 

A possible way around this trouble is to make use of 
an empirical stress-strain relation of the form : 


e= 7+ A sinh B 


Where «¢ is strain and o stress. By adjusting the 
constants A and B so that the curve passes through the 
point of specified proof stress and through the point of 
failure (determined by the U.T.S. and per cent elonga- 
tion) this expression can be used with fair accuracy to 
represent the tensile stress-strain curve of a*specimen 
that is just on specification strength. Assuming the 
same relation to hold good in compression, FE, and 
hence the strut-curve can be computed. 

Notwithstanding these difficulties the A.S.C.E. 
employ strut-curves based on the tangent-modulus 
formula in their current specifications for aluminium 
structures.} 


Perry-Robertson Formula 


The second line of approach for dealing with inelastic 
behaviour at the lower slenderness ratios is to use a 
formula based on initial inaccuracy of the strut, such 
as the Perry-Robertson and Secant formulae. Such 
formulae have long been used in steel, for which there 
are difficulties in applying the tangent modulus idea.* 
They assume that failure of the strut occurs when the 
greatest stress, taking the bending due to the initial 
inaccuracy into account, reaches yield. 

The Perry-Robertson formula is widely used in this 
country for predicting the failure of steel struts.4 It 
is based on an initial inaccuracy in the form of a 
sinusoidal bow (or ‘ wow’), and yields the following 
formula for the average stress at failure, f : 

(Pz — J) (fy—f) =7nprf ° . (2) 
where #, = elastic critical stress (Euler value) 
fy = yield stress 
% = a non-dimensional factor 
In the theoretical derivation the factor 7 is a measure 
of the amount of initial bow A and is defined by : 
Ve A 
5 Po) 
where y¢ is the extreme fibre distance. 

In practice it is found that if y is put equal to c(L/r), 
agreement with test results can be obtained by suitable 
adjustment of the constant c. Thus for steel struts 
the formula can be made to work by giving c the value 
0-003, or in other words by taking the initial bow as 
0-003 (r/y-)L, regardless of how straight the member 
really is. For practical sections this value of c 
corresponds to an assumed initial bow in the range 
L/400 to L/800. 

This supposedly theoretical formula must therefore 
be regarded as empirical, not that this detracts from its 
practical value. Its advantage compared with the 
tangent-modulus formula is its flexibility and ease of 
use, the strut-curve it yields being completely defined 
by the three quantities E, fy and c. 

Strut tests conducted by Baker and Roderick just 
after the war showed that the Perry-Robertson formula 


* Recent work in America suggests that if due account is taken of 
locked in stresses due to rolling, the tangent modulus formula 
agrees with experimental results for steel struts too. 
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Fig. 4.—Comparison of Strut-curves for H30-WP 
(Based on minimum properties). 


could be made to agree with test results in aluminium 
too, by putting fy equal to the 0-1 per cent proof stress 
and suitably adjusting c. The appropriate value of c 
for a given alloy depended on the shape of the stress- 
strain curve ; the sharper the knee, the lower the value.* 
As a result of their work the Perry-Robertson formula 
has been adopted in this country for aluminium struts, 
with c as follows :— 
Heat-treatable alloys : 

Fully heat-treated (WP) ... 

Solution treatment only (W) c = 0-0030 
Non-heat-treatable alloys : 

As extruded one an one c = 0-0075 

Unfortunately at the time of Baker and Roderick’s 

tests the medium strength MgSi alloys were only just 
coming into widespread use, and the figure of 0-0015 
for WP material was largely based on their results in 
high strength aircraft material (H15-WP). It now 
appears that when applied to H20 or H30-WP this 
value of c tends to yield conservative results. This is 
shown by Fig. 4 in which the Perry-Robertson curve for 
H20-WP so based, is compared with the tangent- 
modulus curve for the same material, both curves being 
applicable to material with minimum properties. The 
comparison would be similar for H30-WP. 


ec = 0-0015 


Straight-Line Strut Formula 


The purist would say that a designer should use the 
tangent-modulus strut-curve, because it is the correct 
theoretical solution. In practice it will make little 
difference whether he uses this or some empirical curve 
since the errors introduced will be small compared with 
those inherent in the guessing of the effective length. 

There is therefore a lot to be said for the simplest 
solution of all whereby a straight line is used to replace 
the inelastic part of the strut-curve. The Alcoa 
workers before the war showed that for certain alloys 
this could be made to give a close approximation to the 
true tangent-modulus strut-curve. Alcan adopt such 
a treatment in their new handbook,® and give a simple 
rule for constructing the straight line for a given 
material, depending on its proof stress and whether it is 
in the W or WP condition. The resulting empirical 
strut-curve for H20-WP is included in Fig. 4 and is 
seen to give excellent agreement with the tangent- 
modulus strut-curve for this alloy. 


* The fact that c is not lower than -003 for steel, despite the 
sharp corner in the stress-strain curve, is believed to be due te the 
effect of the residual rolling stresses. 
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Comparison of Current Design Curves 


Fig. 5 summarizes the strut-curves adopted in this 
country for the principal structural alloys, as incorpor- 
ated in the new I.S.E. Report. The curves give 
allowable stress, and are based on the Perry-Robertson 
formula, taking py as equal to the minimum specified 
0-1 per cent proof stress (in tension) and ¢ as previously 
listed. The load factor is 2-0. At low slenderness 
ratios the curves are adjusted so as to bring the working 
stresses at zero L/r in line with the tensile working 


stresses. 


TORSIONAL BUCKLING 
Torsional Section Properties 
Calculations on torsional strut failure involve the 
use of three section constants with which some engineers 
are unfamiliar and which are not normally listed in 
handbooks, namely : 
St. Venant torsion factor(J), 
Warping torsion factor w.r.t. shear centre (H), 
Position of shear centre (S). 
J determines the torsional stiffness of a member 
which is not restrained in any way against warping 
(out-of-plane) distortion of originally plane cross- 
sections. The rate of twist of such a member 
when subjected to a uniform torque T is given by : 


6 
T=G6J5 


Where G is the shear modulus for the material. If there 
are restraints against warping, the effective torsional 
stiffness will be increased and the torque-twist relation, 
no longer linear, will become : 


a0 a3 
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Fig. 5.—Strut-curves for principal structural alloys, 
giving allowable stresses, based on Perry-Robertson 
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H is thus a measure of the increase in torsional stiffness 
when warping is resisted. Warping restraints can be 
caused by end fastenings. They are also present when 
the torque varies along the member, as does the induced 
torque due to torsional buckling of a strut. 

J can be quickly computed for any aluminium 
structural shape, with the aid of data obtained in 1953 
using an electric resistance analogue.® The calculation 
of H and the shear centre position tends to be more 
laborious,?»8 especially if the section has no symmetry, 
and with sections that incorporate heavy bulbs or 
fillets there is at present no practical method for 
determining them accurately. 

Some information on the calculation of torsional 
section properties is given in the Appendix. 


Elastic Theory of Torsional Buckling 

The basic formula for torsional buckling of an axially 
loaded strut was derived by Wagner?!® in 1929. For 
a pin-ended strut in which the ends are free to warp, 
but are prevented from twisting, he obtained the 

following expression for the elastic critical stress : 

GJ] , EH 

pr a Tp Ty 12 (3) 


where Ip is the polar moment of inertia about the shear 
centre. 

In the derivation of this expression it was assumed 
that the section rotates about its shear centre, which is 
correct for doubly symmetrical sections and for sections 
with point-symmetry (such as zeds), but untrue for 
other sections. 

In 1937 Lundquist!2 and Kappus! independently 
pointed out that the section would choose an axis of 
rotation that would make fy a minimum, and that in 
general this axis would not go through the shear centre. 
They showed that Wagner’s formula could still be 
retained, but that 7) and H should be referred to the 
actual centre of rotation instead of the shear centre. 
Kappus gave procedures for finding the preferred axis 
and hence the minimum #7, but these were unfortun- 
ately too laborious for everyday use. 

The eventual solution to the problem was presented 
by Goodier!® and Timoshenko’ during the war years. 
In their elegant approach, which leads to the same 
final result as Kappus, three primary forms of instability 
are recognised : 

(a) Column buckling about the “w axis, 

(b) Column buckling about the vv axis, 

(c) Torsional buckling with rotation about the 

shear centre. 

In the general case of an unsymmetrical section they 
show that failure of the strut occurs due to an inter- 
action between these three forms of instability, and 
that the critical stress ~ is given by the smallest root 
of the cubic : 
apS—p2(ypu + Boy + pt) + b(dupt + Pvde+ Petr 


eee 1 a! tt ne 


%o,Vo = co-ordinates of shear centre referred 
to principal axes (Fig. 6). 

To = polar radius of gyration about shear 
centre (Ip = A 1°). 

rE. rE 

Pu= Tire’ ?* = Cry 

~t = critical stress for pure torsional buck- 
ling as given by (3). 


ONE AXIS OF TWO AXES OF SYMMETRY 
SYMMETRY OR POINT-SYMMETRY 


(Vo = ©) (Uo = Vo =O) 


NO SYMMETRY 


Fig. 6.—Notation for torsional buckling. 


If the strut is weak about the vv-axis, having pv less 
than fy and +, failure is mainly by flexure about the 
vv-axis, but this is accompanied by some twisting and 
uu-flexure and the actual critical stress is somewhat 
less than py. Similarly a strut that is predominantly 
weak in torsion (f¢ less than fy and fy), buckles 
basically in a torsional manner, but with some associated 
bending about wu and vv, at a stress less than fy. The 
shift of the axis of rotation away from the shear centre, 
pointed out by Kappus and Lundquist, is thus regarded 
by Timoshenko and Goodier as a result of inter-action 
between pure torsional buckling (about the shear 
centre) and pure column buckling. 

An unequal angle is a good example of a strut in 
which inter-action between the different basic buckling 
modes takes place, and the cubic (4) should in theory 
be employed for obtaining the critical stress in all 
struts of this type, including steel. Hot-rolled steel 
angles are, however, relatively thick, and have fy and 
pt several times greater than py; the effect of inter- 
action is therefore small, and the usual practice for 
such members of simply taking the critical stress as 
equal to fy is only slightly unsafe. The same does 
not apply for light gauge steel members formed from 
strip, which are less stiff in torsion. 

The labour of solving the cubic (4) can be reduced by 
employing a nomogram given by Kappus 1! and by 
Smith, 18 


Symmetrical Sections 


If the section has one axis of symmetry uu, we have 
Vo = 0 and the cubic (4) reduces to : 


(by) | at—P (but Pd + bubr| an 9 


One of the roots is now equal to fy and corresponds to 
pure column buckling in the plane of symmetry, 
independent of any other action. The two quadratic 
roots represent inter-action between pure torsional 
buckling and ## column buckling. As before, the 
least root of the three is the one that governs failure. 
For such a section a convenient approximation to the 
lower of the two roots involving torsion, erring on the 
safe side, is given by the empirical relation : 
1 1 1 
Pp put de ©) 
When wu and vv are both axes of symmetry, or when 
there is point-symmetry, %) = V9 = 0 and the cubic 
reduces to : 
(p — pu) (6 — pv) (b— Pt) = 0 : (7) 
In this case column buckling about the two principal 
axes and pure torsional buckling are quite independent. 
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End Conditions 


The above has referred to struts that are pin-ended 
and free to warp. No real struts are ever like this, 
and some allowance must be made for end restraint. 
It can be shown theoretically that if the strut is 
rigidly built-in at its ends, giving complete resistance to 
bending and warping, the elastic critical stress can be 
obtained simply by using an effective length of 4 L 
instead of L in the various equations. Practical struts 
lie somewhere between these two extreme conditions 
and the designer must assess an effective length KL in 
the same way as forcolumn buckling. Strictly speaking 
three separate values of K should be used for computing 
pu, pv and prt. 

The difficulty of guessing the correct value for K, 
a major short-coming of the current treatment of 
column buckling, tends to be less serious in the case 
of torsional buckling because the G/J/J ) term in equation 
(3) is independent of length. 


Experimental Evidence 


Strut tests to verify the above theory of torsional 
buckling have been conducted by Niles,14 Ramberg 
and Levy,!§ Kollbrunner,6 Baker and Roderick, 
Bentley!? and Smith.18 

In experiments on torsional buckling it is very 
difficult to attain the theoretical end conditions, 
namely pinned ends combined with no warping 
restraint. Some workers have tried to get around this 
problem by testing between flat platens, thereby 
hoping to simulate clamped end conditions (warping 
prevented) for which the effective length would be } L. 
Others have used a combination of round ends with a 
complete warping restraint. Niles employed a special 
fitting claimed to allow free warping for the particular 
section he tested, a ‘square’ channel. 

The sections covered by these investigations have 
included angles, channels, bulb angles, lipped channels, 
tees, zeds, top-hats, and pi-channels. The results 
prove conclusively that the Goodier-Timoshenko theory, 
which is effectively the same as that developed by 
Kappus, is a sound method for predicting torsional 
buckling loads on axially loaded struts. 


Plastic Torsicnal Buckling 


Just as with column buckling, so with torsional 
buckling, the elastically calculated buckling stress p 
needs modification to allow for inelastic behaviour of the 
metal in the plastic range. In column buckling the 
problem is relatively simple and the theoretical solution, 
namely the tangent-modulus formula, is compact 
enough for use in design. Inelastic torsional buckling 
is a far more complex problem and it is highly doubtful 
whether a theoretical solution, taking the shape of the 
stress-strain curve into account, would ever be simple 
enough for designers to use even if it were available. 

Bentley!’ suggested that it was reasonable to replace 
E in the formula by E; and to factor G by E;/E, 
where E; and Eg are the tangent and secant* moduli 
respectively corresponding to the critical stress #. 
In this way he contended that some sort of allowance for 
inelastic action could be made, although his method 
unfortunately involves trial and error. Es being 
always greater than E;, the net effect is a smaller 
reduction in critical stress than that obtained for 
column buckling using EF ¢. 


* At a given stress the secant modulus is defined as the slope 
of the line joining the corresponding point on the stress-strain 
curve to the origin. 
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Ramberg and Levy! also argued that a smaller 
reduction was logical for torsional buckling. They 
obtained reasonable agreement with their test results 
by factoring the elastically computed critical stress 
by E,/E, where E, is the reduced modulus defined by 
4EE; 
E; = 

(VE + VEt)* 

For design purposes the two obvious procedures are 
either (a) to use the unmodified elastic values, or (b) to 
assume that for a given elastic buckling stress the 
reduction due to inelastic behaviour is the same for 
torsional buckling as it is for column buckling. The 
former will tend to be unsafe, while the latter is 
probably conservative and therefore preferable. 


LOCAL BUCKLING 


The local buckling of thin-walled struts has received 
much attention since Bryan laid the foundations of 
our present theory in 1891. This type of instability 
admits of a more satisfactory theoretical treatment than 
do column and torsional buckling, since the complica- 
tion of end conditions does not arise. True the 
mathematical computation is laborious, but much of 
this is once for all time and having been completed 
provides standard data which is readily usable there- 
after. 





Buckling of Plates 


Before discussing the instability of practical sections, 
it will first be helpful to consider the behaviour of 
individual plates. 

Consider a plate of width B, thickness ¢ and length L, 
which is simply supported along all its four edges 
and subjected to.a uniform endlong compression 
(Fig. 8, case (c)). It can be shown that for such a 
plate the elastic buckling stress # is given by : 

RE 


The factor k depends on the ratio L/B and to a small 
extent on Poisson’s ratio u. Curve | in Fig. 7 shows 
the variation of k with L/B for aluminium (yu = 0-33), 
assuming the ends of the plate to be simply supported. 

The curve is ‘looped’ because corresponding to 
any given length there is a preferred number of half- 
waves into which the plate will buckle, as indicated by 
the ringed numbers. For short plates this results in 
an appreciable variation of k with length, but if the 
plate is longer than about 4B, it is seen that & is virtually 
constant. 
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Fig. 7.—Local buckling of plates ; variation of & with 
length. 
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Thus, for a long plate which is simply supported 
along both edges and whose L/B ratio is comparable to 
that of a plate forming part of an actual strut, the 
critical stress is independent of the length and may be 
obtained by putting & = 3-7 in equation (8). 

Plates with other edges conditions behave likewise, 
the critical stress p being conveniently independent of 
the length except at very low values of L/B. In order 
to find ~ it is merely necessary to insert the correct 
value of k in equation (8), The value to use depends on 
the conditions of restraint along the unloaded edges. 
Fig. 8 lists the appropriate value of & for five ideal cases 
of edge restraint,!® including the one already discussed. 
The values given apply to aluminium (p = 0-33), 
and would be slightly different for steel. 

For cases (b) to (e) in Fig. 8 the plate deforms into a 
series of buckles of definite half-wave-length, but in 
the particular case (a) of a plate supported along one 
edge and free along the other buckling always takes 
place in one half-wave (of length L). In this case the 
curve of k against L/B is not looped, but again k 
becomes virtually constant at values of L/B greater 
than about 4, as is seen from curve 2 in Fig. 7. 


Half 
wave-length 


L 
7B 


B 


4 
Fig. 8.—Local buckling of individual plates. 


Local Buckling of Sections 


The ideal cases depicted in Fig. 8 seldom occur in 
real life. Structural sections consist of a number of 
rigidly connected plates which all buckle together and 
with a common half-wave length when the critical 
load for the section is reached, the conditions of edge 
restraint for the component plates being in general 
highly complex. However, the ideal cases (a) and 
(c) do have some direct application. 

Case (c) corresponds to the buckling of a thin-walled 
square tube, for which it is logical to treat the com- 
ponent plates as simply supported along both edges, 
because they will all want to buckle at the same stress 
and therefore cannot help each other.* 

Case (a) accurately applies to a thin cruciform section 
with equal legs, provided there is no fillet reinforcement, 
since here again the individual plates will all want to 
buckle at the same instant and cannot give each other 
any mutual support. An equal angle without fillet 
can be regarded in the same way, although here there 
will be slight loss of accuracy since the heel of the section 
will not stay quite straight during buckling. For such 
sections, since buckling occurs in one half-wave 
occupying the whole length of the section, local 


* Bulson*® finds that this picture is not entirely accurate because 
the junctions of adjacent plates do not quite stay straight during 
buckling, there being a slight inward movement. 


53 


buckling is in effect the same thing as torsional buckling 
and it will be found that for practical purposes equations 
(3) and (8) both give the same answer.** The tor- 
sional buckling approach is the more useful because 
it enables the effect of fillet material to be taken into 
account. 

Apart from these simpler cases, the local buckling of 
a complete section constitutes a complex mathematical 
problem. One part of the section will in general want 
to buckle first and will be restrained to a certain 
extent by the rest of the section which is more stable. 
For example in a ‘square’ channel the flanges are 
the unstable element and when they buckle receive 
elastic restraint at their junction with the web. Each 
flange therefore acts as a plate that is free along one 
edge and something between simply supported (k = 
0-38) and clamped (k = 1-15) along the other edge. 
A lengthy analysis is needed to find the cofrect value of 
k. Even in the particular case of a channel in which 
the simply supported buckling load is the same for the 
web and flanges (web/flange width ratio of 3-1) the 
exact solution is still difficult, because although the 
web and the flanges would all buckle at the same load 
if they were individual plates simply supported at the 
junctions, there will in practice still be some restraint 
owing to the difference in preferred half wave length. 

The first successful treatment of the local buckling 
of a complete section, taking full account of the inter- 
action between the component plates, was given by the 
N.A.C.A. workers Lundquist and Stowell in 1939 using 
anenergy method. In 1945 the same authors presented 
a moment-distribution method for studying the 
stability of plate assemblies, which gave good agreement 
with their previous method. Their theoretical work 
was admirably backed up by a comprehensive pro- 
gramme of tests, reported by Helmerl*! in 1947. This 


extensive American work in the local buckling field 
was summarized in a paper”? to the A.S.C.E. in 1951, 
in which charts were given of k-values for I, Z and 
channel struts and for rectangular tubes. 

In this country several independent studies have 


been made on the local buckling of sections. Results 
obtained for channels by Hadji-Argyris?? (1943), 
Chilver?4 (1951) and Harvey?® (1953) agree closely with 
the American findings. In 1953 Chilver?® published 
a comprehensive and exact treatment which may be 
regarded as the final solution to the local buckling 
problem and which is eminently suitable for application 
to cases not already solved. 

The position on local buckling of sections in the 
elastic range may be summarized as follows :— 


1. Sections composed of a number of plates meeting 
in a common axis (such as angles and tees) are 
best dealt with in terms of torsional buckling. 


. 1,Z and channel sections and rectangular tubes can 
be quickly handled with the aid of the N.A.C.A. 
charts. 


. Other sections can be accurately dealt with by one 
of the Lundquist and Stowell methods or by 
Chilver’s method, but the labour involved is 
prohibitive for everyday design. 

For these latter sections the designer is forced to 
employ a quicker and more approximate method for 
obtaining the critical local buckling stress. The 
simplest and often adequate procedure is to neglect 
inter-action entirely and make the conservative 
assumption that every plate is simply supported where 
it meets other plates. The critical stress is then worked 


** In order to make these agree for very short struts of this type 
secondary warping must be taken into account in equation (3). 
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Fig. 9.—Local buckling of plain channels of uniform 
thickness; comparison of approximate method, assuming 
simply supported edges, with accurate solution. 


out for each plate separately, applying case (a) or 
case (c) in Fig. 8 as appropriate, and the lowest value 
is taken as the critical stress for the section. The 
result of applying this treatment to channels is com- 
pared with the accurate:solution in Fig. 9. 

Where it is important to obtain a closer estimate of 
the local buckling stress use may be made of an approxi- 
mate treatment developed by Bleich,?? which introduces 
the idea of a coefficient of restraint. Sutter!® has 
extended this method and prepared data which greatly 
facilitates its application to non-standard sections. 

With the advent of the digital computer it should 
be possible without undue expense to extend the 
N.A.C.A. charts to cover other standard types of 
section. For example it would be useful to have local 
buckling data prepared for box-channels and top-hat 
sections. 


Stiffened Flanges 


In the above section it has been assumed that when 
buckling occurs the junctions between adjacent plates 
stay straight. This is generally an accurate assumption 
but difficulties can arise when the free edge of a flange 
is lipped (Fig. 10). If the lip is large, say half the 
width of the flange itself, there is no complication. 
In this case the lip/flange junction will remain straight 
during buckling, and the lip itself will be treated as a 
flange. 

If, however, the lip is small compared with the flange, 
although it can be expected to have some siffening 
effect, it will not be strong enough to hold the toe 
of the flange in position. In this case the lip/flange 
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Fig. 11.—Lips and bulbs. 


junction will not stay straight and the mode of failure 
is entirely different. There is at present a remarkable 
lack of information on this topic. In the first place 
one would like to know at what ratio of lip to flange 
the mode of failure will change. Secondly, by how 
much does a small lip increase the critical stress ? 
The problem is important because lipped sections tend 
to be more efficient, and thus more economical, and 
are no more difficult to extrude than plain ones. 

A theoretical treatment for small lips was developed 
by Hu and McCulloch?’ in 1947, using an extension of 
the Lundquist-Stowell moment distribution method. 
Chilver’s generalized treatment of local instability,?® 
already referred to, is also able to deal with small lips. 
These theoretical approaches are laborious to apply to 
actual sections, but with the aid of a computer it should 
be possible to use one of them for the preparation of 
standard data which would supplement that already 
available for plain sections. Information on the 
relative merits of lips and bulbs would also be useful 
(Fig. 11). 

Hu and McCullough used their method to analyse 
one particular size of aluminium Z-section (b/d = 0-7, 
d/t = 29) with varying lip widths. Their findings were 
confirmed experimentally and suggest that lips can 
give greatly improved performances to thin sections. 
At lip/flange width ratios of 0-2 and 0-3 they found 
the increase in buckling stress as compared with the 
unlipped section to be 75 per cent and 100 per cent 
respectively. The mode of failure changed at a 
lip/flange ratio of about 0-5. 

A comparable increase in strength was obtained by 


Smith who tested the lipped channel shown in Fig. 18 


and was unabie to get it to buckle at a stress 70 per cent 
higher than the buckling stress for the same section 
without lips. 

These encouraging results were not confirmed by 
Bulson 2° (1955) who studied lipped I-sections. The 
improvement due to lips in his tests was not nearly so 
impressive and with a very small lip he even obtained 
a 1 ton/in.? reduction in maximum stress. By applying 
Chilver’s theory he was able to show that this surprising 
result was in fact to be expected. However, Bulson’s 
specimens were of stockier proportions than those of 
Hu and McCulloch and Smith, and were already failing 
at a high stress in the unlipped state. If his tests 
were repeated on thinner sections, on which there is 
more need for lips, it is probable that the story would be 
different. 


Inelastic Local Buckling 


Equation (8) gives the elastic local buckling stress /. 
When the value obtained for / is above the proportional 
limit some modification is necessary to allow for inelastic 
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behaviour of the metal. The precise treatment of this 
problem is highly complex. It has received much 
more attention than that of inelastic torsional buckling. 

It is not intended to comment here on the elaborate 
theories that have been developed to explain local 
buckling in the plastic range. The facts are as follows : 

1. If equation (8) is used as it stands, the calculated 
stress will be too high. 

2. If E in the equation is replaced by the tangent 
modulus E+, conservative results are obtained. 

3. If E is replaced by Es, the secant modulus, the 
predicted stress will agree fairly well with tests 
results, but will be slightly high?®. 

For design purposes it is therefore safe to replace 
E by Et. This is a convenient procedure because it is 
equivalent to accepting the same reduction in stress 
as that which operates for column buckling, thereby 
enabling reference to be made to the strut-curve for 
the material. This is the procedure usually adopted 
by designers. It should be remembered, however, that 
it tends to under-estimate the local buckling strength 
of a member, and that for greater accuracy the secant 
modulus should be used. 


Post-Buckling Behaviour 


With column and torsional instability the load 
needed to make the member buckle is usually only 
slightly less than the maximum load it can carry 
without collapsing. With these forms of instability 
it is logical t0 accept buckling as the criterion of failure. 

Local buckling is different, as it is sometimes possible 
for a member to carry a considerably increased load 
after buckling and still not collapse. When buckling 
occurs a redistribution of stress takes place in the 
section, and the buckled regions transfer their load to 
the material nearer the plate junctions. Further 
increase in load is taken by increased stress in the 
junction material, and complete failure only occurs 
when this part of the section reaches yield. If the 
initial buckling stress is low, it may be possible for the 
member to take several times the buckling load 
before final collapse. On the other hand, if the 
buckling stress is high in the first place, the maximum 
stress will only be slightly greater. 

The test results obtained in the N.A.C.A. programme 
on local buckling suggest the following approximate 
rule for estimating the maximum (average) stress fm 
a short aluminium strut can carry (see Fig. 12) : 

f<Xfy m = Xfy 

> Xfy fm = 

where f local buckling stress, 
fy = proof stress 
a constant depending on the type of section 
and possibly the alloy. 

Their tests covered a range of heat-treatable alloys, 
and the results indicate that for open sections such as 
plain I-sections and channels a reasonable value for 


€ 


X would be 5 a lower value being appropriate for 


€ 


square tubes, possibly }. 

When a more accurate estimate is wanted of the 
maximum stress for a short strut, use may be made of 
a more refined treatment by Chilver?® who gives data 
for steel and aluminium. 


Inter-Action with Column Buckling 


Up till now it has been tacitly assumed that local 
buckling occurs independently of any other form of 
instability. This is known to be a reasonable assump- 
tion as long as we are only concerned with finding the 
buckling stress, and follows from the fact that the 


55 


half-wavelength for local buckling is very much 
smaller than that for column or torsional buckling. 
When, however, we come to consider the maximum 
stress, inter-action between local and column buckling 
takes place and must be allowed for. After the member 
has entered the post-buckled condition, it becomes less 
resistant to other types of instability, resulting in 
premature collapse due to combined local and column 
buckling. Bulson?® shows that this inter-action 
can be neatly taken into account by employing the 
following modified version of the Perry-Robertson 
formula (2), in which fm replaces fy : 
(P——f* m) (fm—f'm) = 4 hzf'm ; (9) 
In this : f1m = required maximum stress for the strut 
considered, 
fm = maximum stress for a very short strut 
of the same section. 
No attempt appears to have been madé to study 
possible inter-action in the post-buckled condition 
between local buckling and torsional buckling. 


Design Basis for Local Buckling 


There are two possible ways in which a designer can 
handle local buckling : 

(a) He can consider buckling as the criterion of 
design and ignore the extra post-buckling strength 
which is sometimes available. In this case he 
must apply the same load factor to the critical 
stress for local buckling as he uses for other forms 
of instability which is suggested as 2-0. 


He can base his allowable stress on the maximum 
stress {1m (from equation (9)) using the same load 
factor as above. He must also ensure that buckles 
do not appear at the working load (in the case of 
thin sections), applying a lower factor of say 1-5 to 
the buckling stress /. 


Method (b) involves more work, but leads to more 
economical design when very thin sections are used. 
It is in essence the basis adopted for light gauge cold- 
rolled steel, hereandin America. Aluminium structural 
members are extruded, and although thin compared 
with hot-rolled sections, it is doubtful whether they 
are thin enough to justify the extra complication of 
method (b). 

It is therefore considered that aluminium design 
should be simply based on the buckling stress, as with 
other forms of strut failure, incorporating the same 
load factor of 2-0. 
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Fig. 12.—Local buckling. Approximate form of relation 
between maximum stress and buckling stress. 





E.S.R. CONCEPT 


Whatever the mode of failure the use of the elastic 
buckling stress tends to over-estimate the strength of 
the member at high stresses, and the elastically 
calculated value has to be modified. The simple 
devise of a cut-off at proof stress level is not acceptable. 
In the case of column buckling the interaction between 
elastic instability and yield of the material can be 
accurately taken into account for each alloy by employ- 
ing the tangent-modulus strut-curve. 

With torsional and local buckling, as already shown, 
a satisfactory and conservative assumption to make 
when deducing the actual buckling stress f from the 
elastically calculated value is : 

J" re a 

where E; is the tangent-modulus corresponding to a 
compressive stress of f. Now when applied to column 
buckling this relation is exactly the same thing as the 
tangent-modulus formula (1). Therefore for any given 
material the strut-curve, intended primarily for 
representing column buckling behaviour, can be 
conveniently applied to torsional and local buckling 
as well. Since the relation (10) is.inexact anyway 
when referred to these modes of buckling, it does not 
matter in practice whether the tangent-modulus 
curve is employed as the standard buckling diagram 
for each alloy, or somé other empirical formula such 
as the Perry-Robertson. The essential point is that 
for any given value of » the corresponding value of 
fis assumed to be the same, whichever type of buckling 
is being considered. 

This leads to the highly convenient ‘ equivalent 
slenderness ratio’ (e.s.r.) method,34 employed in the 
Alcoa structural handbook®! in 1939. The «s.r. is 
defined as the slenderness ratio that gives an elastic 
column buckling stress (Euler value) equal to the 
elastically calculated critical stress p for the type of 
buckling being considered (torsional or local). In other 


words : 
a ne a E e 
p= esr or ¢.8.7. = [2 (11) 


The practical procedure for obtaining the strength of 
a strut runs as follows : 

1. Find the effective slenderness ratio KL/r for 

column buckling. 

2. Calculate the e.s.r. values for torsional and local 
buckling. 

3. If these are both less than KL/r, column buckling 
is the critical mode and the permissible (or critical) 
stress is read from the strut-curve in the usual way. 

. If either of the e.s.r. values is greater than //r, 
column buckling is not critical. In this case the 
higher e.s.r. identifies the mode of failure and is 
used for reading off the stress from the strut- 
curve. 

To enable this method to be used to the best advantage 
strut data must be presented in such a way that the 
e.s.r. can be found direct from the geometry of the 
section, without first calculating #. 


Torsional Buckling 


For aluminium (yp = 0-33) the basic equation (3) 
corresponding to pure torsional buckling may be 
re-written as follows for the purpose of calculating 
(e.s.7.)¢: 








~ I 
(e.s.7.) ¢ = suey + HRD 
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. 13.—Interaction factor K, for torsional buckling 
of singly symmetrical sections. 


The value thus obtained will be directly applicable for 
sections having double or point symmetry. 

For sections having an axis of symmetry (uu) an 
approximate allowance for inter-action with column 
buckling may be made by calculating the ¢.s.r. from 
the following empirical expression, which follows from 
equation (6) : 

s.r. = V/(e.s.r.) +2 + (KL/ry)? - 3) 
This will tend to yield too high a value (i.e. conservative). 
The exact value for the e.s.r., accurately taking inter- 
action into account in accordance with the quadratic 
part of equation (5), is equal to : 

Ky (e.8.7.) ¢ or Ki (KL/ru) 

whichever is the greater, where K, is an inter-action 
factor greater than unity which may be read from 
Fig. 13. 





Local Buckling 


The basic plate buckling expression (8) reduces to 
the convenient form : 


é.5.7. = Mm (7) ; : * (14) 


where m ( = z/+/k) is a coefficient depending on the 
edge conditions of the plate. Values of m for the 
ideal cases are included in Fig. 8. 

The local buckling of plain I, Z, and channel section 
struts can be readily handled with the aid of Fig. 14 in 
which appropriate values of m are plotted, based on 
the N.A.C.A. charts”? already referred to. The m-values 
given refer to the web, and bd and ¢ in equation (14) 
should therefore be taken as the web dimensions (or 
the long side in the case of a rectangular tube), even 
although in many cases the flanges are the more 
unstable element. 

The data in Fig. 14 is primarily intended for dealing 
with conventional shapes, but it can be used equally 
well for sections in which adjacent plates are not 
perpendicular to each other. For example, the m- 
values for a regular channel can be applied to a splayed 
channel, provided that the actual dimesions of each 
plate are used and not its projected dimensions. 
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Fig. 14.—Local buckling ; Values of m for standard 
shapes. 


PRACTICAL SECTIONS 


The information given above may be simplified and 
summarized as follows for certain standard types of 
section. 


Angles 


Column buckling of angles is dealt with in the usual 
manner. Torsional and local buckling amount to the 
same thing and are conveniently treated in terms of 
torsional buckling. 

The warping constant H of a plain angle is zero and 
the shear centre lies close to the heel of the section. 
The e.s.r. for pure torsional buckling is therefore 
independent of the length, and expression (12) for 
practical purposes reduces to : 


(e.s.r.)¢ = 5-1 + . : - (15) 


where Ip is the polar moment of inertia about the heel. 
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Fig. 15.—Torsional buckling of plain equal angles. 
Note: A 45° fillet may be assumed equivalent to a 
radiused fillet having R equal to 1-6 h. 
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For an equal angle this value should strictly speaking 
be adjusted to allow for interaction with wu column 
buckling. However, when torsional buckling is critical, 
that is when (¢.s.7.)¢ > KL/ry, it is found that the effect 
of interaction is slight because the section is four 
times as stiff about uu as it is about vv. It is therefore 
reasonable to ignore the interaction and take the ¢.s.r. 
direct from (15). Values computed in this way for 
plain equal angles are plotted in Fig. 15, based on 
values of J obtained from the data in the Appendix. 
This approximate treatment of equal angle struts 
amounts simply to drawing a cut-off on the buckling 
diagram intercepting the strut-curve at a slenderness 
ratio equal to (e.s.7.) ¢. 

The interaction is more complex for unequal angles, 
due to the lack of symmetry, and as a simple design 
rule it is suggested that the same e¢.s.r. should be used 
as for an equal angle having both legs equal to the 
long leg. 


Tees 


There are two possible modes of failure for tees : 
(a) Column buckling in the plane of the stem; (b) 
column buckling in the plane of the table combined 
with torsional buckling. As with angles, local buckling 
is the same thing as torsional buckling and separate 
calculations are not needed. 

Mode (a) is dealt with in the usual way. In con- 
sidering mode (b) the effect of inter-action can be 
appreciable and must be properly taken into account 
using the factor K; from Fig. 13. It will be found that 
(e.s.7.)¢ is independent of length since H = 0. 


Channels 


Channels have in general to be considered for all 
three forms of buckling. Column buckling in the 
weak direction is dealt with in the usual way, and 
the e.s.r. for local buckling is readily obtained with the 
help of Fig. 14. 

For plain channels of uniform thickness the ¢.s.r. for 
torsional buckling is given by : 


é.8.7. = Ke Ee? . . (16) 


ry 


where KLi/ry is the effective slenderness ratio for 
column buckling in the weak direction* and Ke is 
a factor obtained from Fig. 16. Torsional buckling 
can only be critical when Kg is greater than 1-0. The 
values plotted for Keg are calculated on the assumption 
that the section is of infinitesimal thickness and has no 
fillet reinforcement, and the e.s.v. values obtained will 
therefore be slightly conservative (i.e. high). Due 
account is taken of interaction with wu column buckling. 

If the web is thinner than the flanges an accurate 
enough value of ¢.s.7. is given by the following empirical 
adjustment to (16) : 


(¢.8.7.) = ( Ke =) (=) 


where #; and ¢# are the web and flange thicknesses 
respectively. 

With thin-walled channels local buckling is critical 
for short struts and column buckling for long struts. 
Torsional buckling appears at intermediate lengths and 
for a ‘square’ channel (b/d = 1)°is critical over a 
considerable range. As the ratio of flange (b) to web 


* The design data for torsional failure of channels is presented in 
this way using KL/ry, despite the fact that the inter-action is with 
uu column buckling, purely for convenience in calculation. The 
designer will already have computed KL/ry. 
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Fig. 16.—Torsional buckling of channels. Factor Ke. 


, 


(d) decreases torsion instability becomes less of a 
factor, and for channels having b/d less than about 0-4 
it ceases to appear. The mode by which a plain 
channel strut of any given shape can be expected to 
fail, depending on the slenderness ratio, can be seen 
at a glance from Fig. 17. This figure has been con- 
structed for plain channels of uniform thickness, but 
the same basic pattern will obtain if the flange and 
web thicknesses are different. 


I-Sections 


It can be shown that with plain I-sections, whatever 
the proportions, failure is always governed by column 
or local buckling, and torsion is never critical. The 
e.s.r. for local buckling is quickly obtained with the 
aid of Fig. 14. 
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Fig. 17.—-Mode of failure zones for plain channels of 
uniform thickness. 
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Tubular Sections 


Tubular struts are very stiff in torsion and only fail 
by column or local buckling. For rectangular tubes 
the e.s.r. for local buckling is obtained from equation 
(14) with the aid of Fig. 14. 

With thin circular tubes it is interesting that the 
local buckling strength observed in practice is mucl: 
less than that predicted theoretically.*% For tubes of 
good dimensional accuracy (drawn or extruded) 
reasonable estimate of the local strength may b« 
obtained by putting :*2 


8.7. = 4 /? 
t 


where D is the diameter. 


Lipped and Beaded Sections 


With the extrusion process it is simple to reinforce 
the toes of outstanding flanges with lips or bulbs. 
In practical design it often pays to do this, because the 
onset of torsional or local buckling can be delayed, 
thereby making it possible to use a wider, thinne: 
section with improved flexural properties. Unfortun 
ately the behaviour of such sections is not yet fully 
understood. 

With thin angles an increase in strut strength can 
be obtained by providing liberal fillet metal and 
bulbing the toes of the flanges, thereby greatly increas 
ing the torsional and flexural stiffness. To calculat 
the torsional buckling stress it is necessary to know 
J, H and Ip. J is readily found (see Appendix), but 
the shear centre position (needed for Jp) is very hard 
to determine and it is not even clear whether it moves 
towards or away from the centroid. H will no longer 
be zero and is hard to obtain accurately. 

As a tentative basis it is suggested that equal bulb 
angle struts should be designed on the assumption 
that (a) the shear centre stays at the heel, (b) warping 
is neglected, and (c) inter-action with ww column buck- 
ling is also ignored. These assumptions amount to the 
use of equation (15) for determining the ¢.s.r. At 
very low slenderness ratios the neglect of warping 
stiffness leads to conservative results and can matter 
in H15-WP material. It has been found that the 
effect of bulbs can be conveniently looked after by 
subtracting the following quantity from the e.s.r. of 
the unbulbed section : 


(Dit —1) | 2 (Djt— 1)? — 1-5 (Rit) | 
where D is the bulb diameter and R the fillet radius. 
It is interesting to note that this empirical expression 
can give a negative value under certain conditions 
correctly indicating that it is sometimes possible fo: 
bulbs to reduce the critical stress slightly. 

With channels the main object of stiffening the toes 
of the flanges is to improve the resistance to loca! 
buckling and is possibly better achieved with lips rather 
than bulbs. There is no difficulty in dealing with the 
torsional buckling of a lipped channel, but as already 
discussed the local buckling of such sections is not yet 
fully understood. As a tentative rule it is suggested 
that the value of m in equation (14) should still be 
read from the curves in Fig. 14, but that in entering 
these curves the value of m should be taken as (b—c)/d 
instead of b/d, where c is the lip width measured 
internally (Fig. 11). Such a treatment appears to be 
conservative on the limited basis of Hu and McCullough’s 
results. 

Useful information on lipped and bulbed sections is 
given by Smith,8 who tested three standard shapes 
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Fig. 18.—Three structural shapes standardised by the 
Aluminium Development Association. 


of section developed by the Aluminium Development 
Association, their proportions being as in Fig. 18. 
Fig. 19 shows the theoretical behaviour of these three 
shapes in H-30WP (minimum properties), based on the 
e.s.r. method used in conjunction with the Perry- 
Robertson strut-curve. Smith’s results show these 
curves to be safe, particularly the one for the equal 
angle. 


FURTHER RESEARCH 


With the data that has become available over the 
last 20 years it is now usually possible to predict 
aluminium strut performance with fair precision. 
There are still some gaps in our knowledge of which the 
following appear to be the most serious : 

1. There is little published data on the strut-curve 

for H30-WP, the main structural alloy. 
. The local buckling of lipped sections has still to 
be fully investigated. 

3. The torsional buckling of bulb-angles is difficult 
to handle accurately, largely due to lack of 
knowledge on the shear centre position and warping 
stiffness of such sections. 


APPENDIX 


Calculation of Torsional Section Properties 
St. Venant Torsion Factor 


The torsion factor J may be calculated for thin- 
walled non-tubular structural sections in which there 
are no rapid changes in thickness by summing the 
quantity b¢/3 for the component rectangles, where } is 
the width and ¢ the thickness of any rectangular 
element. For a tapered element the contribution is : 
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Fig. 19.—Theoretical .strut-curves for the sections in 
Fig. 18, based on H30—WP minimum properties. 
Curve 1 ... equal angle. 

Curve 2 ... unequal angle. 

Curve 3 ... channel. 
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Fig. 20.—Method of splitting up section to calculate /. 





Bulbs and fillets are often added to’ aluminium 
sections to stiffen them, and these can have a pro- 
nounced effect on the torsion factor, their contribution 
sometimes exceeding that of the basic rectangles. 
Such sections may be split up in the manner shown in 
Fig. 20 and the J for the section obtained by adding 
together the /’s for the various parts. For a thin 








rs Li - 
3 +1+/3(N+l It] 








I-7O7Nt | _(N+Dt 


Fig. 21.—Constants for evaluating torsion factor / 
for certain fillets and bulbs. 


From draft of I.LS.E. Report on the Structural Use of Aluminium, 
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Fig. 22.—Location of shear centre S and evaluation of 
warping constant H for certain thin walled sections. 


From draft of I.S.E. Report on the Structural Use of Aluminium. 


rectangular element the contribution is again } £3/3, 
while for a bulb or fillet element it may be calculated 
from the expression : 


Contribution to J = (p+¢N)t !" 


where N defines the size of the fillet or bulb in relation 
to the thickness ¢ of the adjacent rectangle(s), and ~ 
and g are constants for any type of fillet or bulb. 
Values of # and q for eight common types are given 
in Fig. 21, based on results obtained with an electric 
resistance analogue at Birmingham University.1_ The 
J contribution for other bulb and fillet shapes may be 
obtained by reference to the original report on this 
work. 


Warping Torsion Factor and Shear Centre 

The determination of the warping torsion factor 
H and of the shear centre S both involve consideration 
of warping in the section and it is convenient to treat 
them together. Fig. 22 gives expressions from which 
they may be calculated in the case of ten common 
thin-walled structural shapes.* It should be noted 
that for any section (such as an angle or tee) which is 
composed of a series of thin rectangular elements 
meeting in a common point, the shear centre lies at 
the point of concurrence and H is negligible. 
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Fig. 23.—Notation for finding shear centre S and 
warping factor H 


Adapted from draft of I.S.E. Report on the Structural Use of Aluminium 


For the general case of a thin-walled singly symmetri 
cal section, employing the notation of Fig. 23 in which 
the 2V flat elements comprising the section are 
numbered from 1 to V on either side of the axis of 
symmetry uu, the following expressions hold good for 
e (determining a shear centre S) and for H : 


“1,5 bt [20 P—dd(a— ) | 


d2h2 


R 
where P = > db 
p 


In applying these expressions summation is only 
extended to the half of the section above wu, and the 


sign convention must be careful'y observed. a, 6 and 
t are always positive. c is positive if the middle lin 
of the rectangle concerned in the sense towards B is 
convergent with wu, and negative if divergent. d is 
positive if the middle line produced in the sens« 
towards B has B on its left, and negative if B is on 
its right. A positive value obtained for e means that 
S lies to the left of B, a negative value that it lies tc 
the right. 

Finding H and the position of the shear centre for 
an unsymmetrical thin-walled section is possible, 
although more laborious, and reference may be made te 
previous papers on the subject. 

The presence of bulbs and fillets in a section greatly 
complicates the finding of H and the shear centre 
and at present no satisfactory way of handling such 
sections is available. The best the designer can do is 
to replace the solid lumps by equivalent rectangles and 
proceed as above, although it must be realised that 
for heavily reinforced sections appreciable inaccuracies 
may result. 


* Neglecting secondary warping. 
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Book Reviews 


Ingenious Mathematical Problems aad Methods, by 
L. A. Graham. (New York : Dover Publications, 1959). 
8in. X 5 in., 237 + vii pp. $1-45. 

The one hundred ingenious mathematical methods 
and problems in this book represent a selection of 
the original contributions of many engineers and 
mathematicians to a “ Private Corner for Mathe- 
maticians’”’ conducted by the author during the 
past eighteen years in the Graham Dial. The 
author has also added twenty-five problems to test 
the reader’s speed and some unusual nursery rhymes 
are scattered throughout the text. 


Examples of Structural Steel Design to Conform 
with the Requirements of B.S.449/1959, by L. E. Kent 
and E. G. Lovejoy. (London: B.C.S.A. Publication 
No. 13/1960). 11 in. x 84 in., 66 pp. 3s. 6d. 

This publication is a revised edition of B.C.S.A. 
Brochures Nos. 1, 2 and 4, originally published in 
1950 and 1951. The text has been completely rewritten 
to accord with the requirements of B.S. 449/1959, 
“ The Use of Structural Steel in Building.” 

The complete analysis and design is given for two 
single storey sheds with pitched truss roofs of 50 feet 


span. A single bay structure and a three bay structure 
are dealt with in detail and all elements of the structure 
are included, from purlins to holding down bolts, 
attention being drawn to the appropriate clauses 
in B.S.449. 


A Mathematical Tool Kit for Engineers, 2nd Edition, 
by H. A. Webb and D. G. Ashwell. (London: 
Longmans, 1960). 84 in. x 5} in., 116 + vii pp. 15s. 

This book was compiled for the use of engineering 
students and practising engineers to help them in 
the application of mathematics to physical problems. 
Information is given on a number of useful methods 
and techniques and many examples are worked in 
the text and are given at the end of the chapters. 

The first edition contained chapters on differential 
equations, uses of the operator D, methods of evalu- 
ating integrals, the calculus of variations, Bessel 
functions, the Fourier series and contour integration. 
The second edition has been much enlarged and 
includes a chapter on Macaulay methods which discusses 
a little-known technique for discontinuous differential 
equations, and chapters on complex numbers, the 
Laplace transform and the theory of errors. 
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1. Prologue 


Textbooks on statics, even when intended for 
schoolboys, still seem to retain something of that 
air of formality and detachment associated with 
Victorian works on geometry. Forces are very disem- 
bodied and act either on infinitely small particles 
or on strictly rigid bodies. And this climate, I fear, 
still reflects, and is reflected in, the teaching of 
statics in schools. 

There may be a certain cold grace about such a 
formalisation of statics, but it smacks of death rather 
than life. In the real world, all bodies are finite and 
deformable, and even breakable; and they are not 
just ‘bodies’ subject to forces of undefined nature, 
but are bridges, skyscrapers, ships..and aeroplanes 
carrying real loads due to people and vehicles and goods, 
and having to withstand wind and wave and earth- 
quake. In such an atmosphere, the practical one 
of the engineer, statics'takes on a new interest and a 
new life. 

It is in the belief that too seldom is statics given a 
chance to show not only its grace, but its practical 
liveliness and power, that I have chosen the subject 
of my address. 


2. Introduction 


The basic ideas of statics, which were first developed 
during the fifteenth and sixteenth centuries in such 
cultured cities as Venice and Rome, arose from 
discussions among Court Mathematicians and Physi- 
cians about the principles of operation behind the 
common building tools of their time—levers, inclined 
planes and wedges. The masons, engineers and archi- 
tects of the day—and there was then little distinction 
between them—had been long accustomed to the 
use of these implements and so naturally gave little 
attention to the logic or scientific principles behind 
them. There was thus started a dichotomy between 
theory and practice, between statics and its application, 
which has been present with us, in varying degree 
and with varying results, ever since. 

This was interestingly illustrated by the problem 
that arose when it was discovered, around 1742, that 
the Dome of St. Peter’s was showing serious cracks. 
Pope Benedict XIV called in three mathematicians 
to examine and report on the matter. This they did, 
and came to the conclusion that the two iron tie rings 
placed around the base of the dome when it was 
erected had been overloaded and should be reinforced 
by the addition of three further rings. In support 
of their theory and proposed remedy, they submitted 
calculations using the then new principle of virtual 
displacements, but somewhat confused their argument 
by erroneous ideas about the elasticity of the rings. 
Apart from this error, typical of the notional diffi- 
culties then still to be overcome in statics and 
elasticity, their argument was generally sound and 
surprisingly modern in that it allowed for a factor of 


* Extracts from an Address delivered to the British Association 
at Cardiff on September 1, 1960. Reproduced by permission of the 
Author and the British Association, 


safety of 2 in assessing the total strength required 
of the new tie rings! 

However, the novelty of this approach to dome 
construction met with resistance from practical men. 
“ Tf it is possible ” they said, ‘‘ to design and build St. 
Peter’s dome without mathematics, and especially 
without the new fangled mechanics of our time, it 
will also be possible to restore it without the aid of 
mathematics and mathematicians—Michelangelo knew 
no mathematics and yet was able to build the dome.”’ 
In spite of this, within a year the architect Vanvitelli 
fitted five new tie rings and all was well. 

This episode is something of a landmark in th 
history of applied statics: in a field of constructior 
dominated by tradition and practical skill, the strength 
and stability of a structure was subjected, for the first 
time on a large scale and in the public eye, to statical 
analysis. One wonders how it was that the Pope 
came to appeal to his three mathematicians; perhaps 
it arose in part from a fashion in high places at the 
time. Bell, in his Development of Mathematics, remarks 
on the leading mathematicians of the eighteenth 
century as being supported by the Kings and 
Emperors of the time with an eye to the need for 
mathematics in the advancement of civil and military 
engineering. ‘‘ These rulers,” he says, “‘ were clear 
sighted enough to see that the simplest way of getting 
mathematics out of a mathematician is to pay his 
living expenses.” 


. . + . 


When I first worked in an engineering drawing 
office, it was still natural to be ad. .sed by the engineer 
in charge to “ keep your degree dark, and at all costs 
avoid letting out that it was an honours degree.”’ 
But I have, it seems, lived to see a more enlightened 
age, when engineering graduates have overrun almost 
every branch of civil engineering, particularly those 
where statics, in its classical or more developed forms, 
can play a useful part. The old dichotomy has 


‘largely broken down : but this is not so much, I think, 


because mathematicians and engineers now speak 
the same language; in the sense language 
expresses in part habits of thought they still, and 
rightly, do not. What has happened is that mathe- 
maticians—in modern terminology, applied mathe- 
maticians—are now seldom interested in statics, 
which seems dead to them. They have moved on 
to other fields—in this generation mostly to fluid 
mechanics—and have left statics to the mercy of 
engineers. As a result, in this century, statics has 
been blossoming in a new and rather strange, if 
sometimes muddled way, full of interest to the engineer, 
but ignored or viewed with some disdain by the 
mathematician. I propose in what follows to con- 
centrate mainly on this new blossoming, using some 
modern structural problems by way of illustration. 


3. Friction 
But first let us look at an apparently more humble 
illustration. Nearly every schoolboy learns the 
classical “laws of friction” in relation to motion, 
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or lack of motion, on an inclined plane. And those 
of them who happen to test these laws by elementary 
experiment will have had the perhaps unexpected 
experience of finding that the so-called laws are by 
no means precise and sometimes erroneous. Such 
experience is, of course, the very best of introductions 
to both the nature of science and the problems of 
engineering. 

Putting aside the effects of lubrication as more 
appropriate to dynamics than statics, let us consider 
the problem of friction between dry surfaces. So 
long as scientists and engineers thought of the two 
bodies concerned as rigid bodies with smooth surfaces, 
no physical understanding of the basis of friction or 
improvement upon the old classical laws was possible. 
And each generation of schoolboys, after a few experi- 
ments, took the so-called laws—and perhaps by 
inference the whole of statics as presented to him 
by his master—with a pinch of salt. 

It has taken twenty to thirty years’ work in this 
century to break this impasse, to set aside here the 
notional difficulties of classical mechanics and start 
to think of friction as a problem in the strength and 
elasticity of materials. Once the touching surfaces 
were thought of not as rigid and smooth but as 
inevitably somewhat rough, like the surface of the 
earth or the moon in miniature, with protuberances 
which kept the bodies apart so that only a small 
proportion of the total surface actually touched ; 
once it was realised that these touching asperities 
were bent, sheared, or otherwise deformed and even 
ploughed up by any effort at relative translation, 
a new light was shed on dry friction. At once the 
broad reasons for the tendency of most materials to 
behave somewhat in the manner of the old laws, and 
the reasons for their departures from these laws 
under certain conditions, began to become apparent. 
So far from the friction between two bodies being 
independent of their area of contact, the true contact 
area was seen to increase, due to local yielding at a 
steady stress intensity, with the force between the 
surfaces; and the frictional resistance, established 
mainly by the shearing resistance of the touching 
and interlocking ‘peaks’ on the surfaces, naturally 
tended to increase with the amount of true contact. 
The schoolboy who always wanted to argue that the 
friction must increase with the intensity of pressure 
between the surfaces was wrong in his terms but was 
nevertheless barking up the right tree. 

The discovery of the real nature of friction between 
dry metal surfaces—due mainly to Bowden and his 
colleagues at Cambridge—of course derived not 
only from the change of viewpoint I have emphasised, 
but also from the resourceful use of modern techniques 
for the examination of metal surfaces and for the 
measurement of these areas of contact. But the change 

outlook was fundamental to this successful re- 
exploration of the old laws of friction; and, as I 
hope to show in further examples, it is the overcoming 
of notional barriers that in statics, as in so many 
sciences, has lead to substantial advances. 


4, Frameworks 


Most sixth form schoolboys with a scientific bias, 
and all engineers, gain some familiarity with the way 
in which a frame, such as a roof truss or bridge girder 
oi lattice type, is analysed for design purposes. The 
frame is treated as a structure with all its members 
in one plane and the joints where the members 
intersect are imagined to be smoothly pinned. The 
forces acting on the frame, whether due to gravity or 
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wind, are then estimated and treated as concentrated 
at the joints. For the set of external forces so determined 
it is then easy, though somewhat lengthy, to calculate 
the internal forces—the pushes and pulls—in all the 
members of the frame. If the structure is to withstand 
the external forces, each joint must be in equilibrium ; 
thus the forces acting at a joint—the external ones 
and the internal actions in the members intersecting 
there—can be calculated graphically or analytically 
by the application of the classical ‘polygon of 
forces ’ rule of statics. 

This approach to the design of a plane frame, which 
started in this country early last century, has since 
been developed into systematic graphical and analytical 
processes that are still widely used in design today. 
But there were within it two snags that have over 
the years caused heart searchings among engineers 
and drawn occasional contributions from mathe- 
maticians. Both relate to the arrangement of members 
in the structure, though in different ways. 

If we examine an ordinary railway bridge truss, 
we will find commonly that the members are arranged 
in a repeated pattern leaving open triangular spaces. 
Thus the top and bottom booms of the truss may be 
parallel and the members joining them be alternately 
vertical and inclined, to form what is called an N truss. 
This sort of construction, if truly pin-jointed, leads 
to what is known as a just-stiff frame; that is, if 
you take any one member away, the frame loses its 
stiffness and becomes a mechanism with one degree 
of freedom and so will collapse under any external 
loading tending to excite such motion. On the other 
hand, if you add a member, the structure remains 
stiff, but what happens now is that one can no longer 
analyse it by the principles of classical statics alone. 
The condition that all the joints must be individually 
in equilibrium gives insufficient equations for the 
calculation of the internal loads on all the members. 
The structure is then said to have a ‘redundant’ 
member ; and some practical structures have many 
such. 

There is another form of redundancy common 
among frames: that due to external constraint. 
If we return to our railway bridge, we shall commonly 
find—at least in the older bridges—that one end 
of the truss is supported by a heavy pinned joint, 
while the other rests on rollers to allow, for example, 
freedom for thermal expansion longitudinally. This 
arrangement, however, has other effects. At the pin, 
if smooth, the support reaction can have two com- 
ponents, as vertical and horizontal; at the rollers, 
if frictionless, only one reaction (vertical) is possible. 
Thus when we come to consider the equilibrium of the 
truss as a whole, we have three unknown reactions 
to determine ; for this, we have the three equations 
of equilibrium, corresponding to the balance of forces 
in the vertical and horizontal directions and of 
moments in the plane of the truss. But had we 
pinned both ends of the truss we should have had more 
unknowns than we could determine in this way by 
classical statics; we should have had a redundant 
reaction. 

The calculation of such redundant actions, whether 
internal or at the supports, has been a problem and a 
battleground for engineers over the past 100 years. 
If we assume that we want to study the structure 
under elastic conditions, that is, loading conditions 
such that all members remain elastic and return to 
their original configuration on removal of the loading, 
then the problem is one essentially of arguing that 
not only is every joint in equilibrium but that the 
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forces in its members produce extensions and shorten- 
ings therein that are themselves consistent with the 
continuity of the frame as a whole and with its supports. 


By the time I was an undergraduate a new approach 
was becoming fashionable. Back in 1873 Castigliano 
had shown that if U is the strain energy stored in a 
frame due to a given system of forces, and P;, Pe. . . 
are the forces in the redundant members, then these 
unknown forces can be determined by the linear 
simultaneous equations, 

dU 


? 


and he enunciated this finding as a ‘Principle of 
Least Work.’ When this work was first translated by 
E. S. Andrews in 1919, it started at once a new 
fashion and a new problem. Energy methods had at 
last entered the realm of structures in the hands, not 
of the mathematicians, but of engineers. And the 
latter first tended to swallow Castigliano’s idea of 
least work as a natural principle—that elastic 
structures always so managed their affairs as to resist 
a given system of loading with a minimum of work, 
i.e. as lazily as possible. Some were more cautious 
and sought other physical ‘explanations’; of these 
the only one that was jn itself completely sound and 
gained some popularity was that due to Southwell 
(1923), who pointed out that any redundant frame 
was liable to self straining during erection owing to 
the forcible insertion of bars or constraints of slightly 
incorrect geometry, and that Castigliano’s theorem 
effectively expressed the physical condition that the 
total strain energy in a structure assumes a minimum 
value when there is no self strain. 

A modern theoretical physicist accustomed to dealing 
with entities having no direct physical meaning 
would be amused if he knew of these ‘ explanation’ 
difficulties among engineers, particularly when he 
learned the outcome of the further study of Castigliano’s 
theorem. It has long been known that the differential 
equations resulting from Castigliano’s energy approach 
were just the deflection ‘matching’ equations neces- 
sary to supplement the equilibrium equations that 
were otherwise inadequate in number. Only in the 
last decade has it been realised that the linearity 
of the frame problem masked the fact that Castigliano 
should for generality have dealt, not with the strain 
energy (U) of the problem, but with what Engesser 
called the ‘complementary energy’ (C) and that 
it was this, not U, that should be differentiated to 
give Castigliano’s equations in generalised form, thus : 


ei de ee, Siem 
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What would delight a physicist of today would be 
the knowledge that even civil engineers have thus to 
confess that they have been, and are still using an 
‘energy’ that has no direct physical meaning, for C 


can only be expressed as i y.a4P, where y is a deflection 


under a load P. 

I have said that over the last century there have 
been in the early theory of frames two snags to worry 
engineers ; one is the question of redundancies on 
which I have already touched; the other is the 
question of how best to arrange the members from an 
economy standpoint. When designing a frame we have 
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in general, to transmit a load or system of loads 
from given points to given supports, and one would 
like to know how to do this with economy of material. 
We can see the immediate response of engineers to 
this problem in the variety of frame arrangements 
used for almost the same job: the many different 
forms of roof trusses and bridge trusses developed 
last century all point to practical efforts towards the 
solution of this ‘best frame’ problem. A guiding 
factor has been the idea that compression members 
naturally inclined to bow, should be kept as short as 
possible, and that tension members, free from this 
trouble and for which specially high strength materials 
(like wire) are available, should be the longer and more 
numerous. A succession of practical rules have been 
invented to aid economical design here ; perhaps the 
best known last century was the rule that such economy 
in a girder was achieved by ensuring that, at the 
finish, the weight of its upper and lower booms was 
closely the same as the weight of its web members 
(the verticals and diagonals in an N truss). In this 
century, designers are well aware that a bridge girde 
excessively deep 


(se <8) or excessively shallow (se: 
will be uneconomic. Only in recent years has a mor 
scientific return to this problem appeared. In 1958, 
H. L. Cox noticed that a theorem of Michell, based 
on an earlier one by Clerk Maxwell, could be used con- 
structively to provide, for a given load and support 
system, a ‘best frame’ arrangement. This at least 
is the theoretical position, though the actual process 
is difficult and has only been worked out in a few 
cases. The results look strange to the framework 
designer, at least until he remembers his predisposition 
to tension members rather than compression members. 
It seems, in the long run, as if the spider is the ideal 
frame designer ; he uses the supports and the structure 
behind them (the branches of the bush) to provide 
his compression needs, and builds his web frame with 
‘fans’ of tension members. But the method so far 
developed on these lines lacks provision for other 
practical factors; in general, for example, we have 
not only a given set of loads and supports, but are 
restricted to a given space within which to construct 
our structure. 

I have so far been discussing the statics of frames 
as though frames were restricted to plane frames ; 
whereas space frames are sometimes used and present 
all the problems of frameworks par excellence. 
By a space frame I do not mean here the kind of frame 
in three dimensions that is constructed by an assembly 
of plane frames, as in the triangular framework of a 
radio mast or the rectangular frame of a tall building. 
I mean the sort of frame that is conceived as a space 
structure from the start and unlikely to have more 
than a few of its members in any one plane. We have 
few examples of such structures in this country ; 
some domes on the Continent are proper space frames, 
but the best examples occurred in airship structures i 
Germany, England and the U.S.A. in the 1920’s and 
1930’s. In the course of this development the engineers 
concerned realised how little classical statics had donc 
for them in this ambitious field, and strove, with thé 
help of mathematicians and geometers, to advance the 
theory of space frames to cope with the new practical 
needs. Old theorems relating to the adequacy or 
redundancy of plane frames had to be replaced by new 
ones—even now less comprehensive than one would 
like—for space frames. Southwell, with his flair for 
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intriguing titles, produced new processes, such as 
‘The Device of the Separate Panel’ —little known 
today—and his much more general ‘ Relaxation’ 
methods in the course of this work. And Roxbee Cox 
charmed us with his excursion into the nature of 
just stiff space frames—still unsurpassed or substan- 
tially extended —‘ On the synthesis and analysis of 
simiply-stiff frameworks ’ (1936). 

Here we are at the frontiers of our knowledge of 
frames. No new wave of interest has arisen of sufficient 
intensity to push much further ahead. And at the 
back of the problem is the rarity of finding anyone 
among engineers or mathematicians who thinks 
naturally and constructively in three dimensions, 
Much was done in Germany at the end of the last 
century ; England and America had an airship heyday ; 
a new generation must take the next steps. Until 
that happens we seem doomed to see ‘ plane frame’ 
structures all about us, when many of us feel sure that 
structurally and aesthetically better things could be 
achieved. 


5. Suspension Bridges 


Bridge designers are all looking forward to the 
completion of the first great suspension bridge in 
this country—that over the Forth—and hoping with 
South Wales and Bristol, to see the start of one over 
the Severn. To them, and I suspect to many school- 
boys in the next generation, the large suspension bridge 
presents a challenge that, given the opportunity, 
few could resist. If statics can do any good in the world, 
here is something it can do with pride. The theory 
of the suspension chain and cable, whether viewed 


as a parabola or as a catenary, is something that has 
intrigued engineers and mathematicians for over 


200 years. Most engineers, and many schoolboys, 
are able to discuss the mechanics of such a chain 
loaded only by its own weight, or by some uniformly 
distributed loading hung upon it. But one has only to 
try to determine the behaviour of such a cable under a 
single concentrated load to realise the real difficulties 
of the problem. Thus it has taken the sustained efforts 
of many able workers in this field to build up even an 
approximate theory of suspension bridges. And this 
has been paralleled over the last two centuries by the 
extension and improvement of the practice of 
construction. 

Rankine, helped by the practice of Telford and Brunel 
and the model experiments of Barlow—all great names 
in English engineering history—produced (in 1858) 
the first scientific theory that made some allowance 
for the interaction of chain and stiffening girder 
appropriate to the spans (up to 200 ft.) of his day. 
But his theory, and those that followed upon it, treated 
such bridges essentially as elastic structures, with 
the cables liable to stretch and the girders liable to 
bend. It took the physical intuition of the designer 
of Brooklyn Bridge—Roebling—to realise that the 
weight of the bridge itself (in most bridges a nuisance) 
was a ‘ good thing’ that could in the limit (with large 
spans) do all the stiffening that was required. The 
great George Washington Bridge, with its eight lines 
of traffic over a 3500 ft. span, but without any stiffening 
girders, has for long stood as a monument to the theory 
that has developed out of Roebling’s hunch. Here 
was a piece of statics’ that bridge engineers had for- 
gotten about : you load a bridge at any one point, 
the structure ‘gives’ a little and the load moves 
downwards and so loses potential energy. In most 
structures, this energy is stored in the structure as 
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“strain energy ’—energy in elastic form associated 
with stretchings, shortenings and bendings of members 
of the structure—that will cause the structure to 
spring back to its original geometry when the load 
is removed. But in suspension bridges (and in small 
unnoticed degree in some other structures) the relative 
inextensibility of the cables commonly forces the 
structure, when loaded and deflected downwards 
at one point, to rise at many other points. So the 
structure itself, instead of slightly losing potential 
energy by the downward movement, actually gains 
potential energy ; and with heavy long span bridges 
this gain may be substantial. Thus if you pull down- 
wards on a suspension bridge much of the resistance 
is not elastic in the usual way, but is really due to 
gravity. This was, until recently, only appreciated 
by the few designers of the latest large bridges. 

We thus have, added to the problems of the 
irregularly loaded catenary, the wider problems of the 
action of a stiffening girder and the partition of energy 
between the elastic and gravity potential forms : 
anon-linear problem in statics still worthy of engineering 
scientists and still calling for further improvement. 


6. Tubes and Shells 


All engineers have at some time or another been 
interested, at least mildly, in some problem of elastic 
stability. Last century, with the coming of metal 
construction, few could refrain from having views 
on the column or strut problem: on how to predict, 
or provide against, instability in compression. In the 
first half of this century, in somewhat the same way 
and at least from aeronautical contacts during the 
wars, many engineers have become aware of the 
buckling problems of thin plates in compression or 
shear. These are all essentially, whether the material 
is elastic or not, problems of static stability. In 
contradistinction to the problems of strength and 
stiffness we have just been looking at in the realm of 
frameworks and suspension bridges—and without 
suggesting that these structures cannot themselves 
sometimes exhibit instabilities—let us turn, under 
our heading of tubes and shells, to some stability 
problems. 


Look first at the problem of the thin tube (unpres- 
surised) in compression. In the First World War 
such tubes became common in aeroplane structures, 
and this, together with advances in methods of 
manufacturing these tubes—drawing, extruding, rolling 
and welding—led to great interest in predicting and 
preventing premature local buckling of the walls of 
such tubes when in compression. There is clearly a 
great advantage with such struts in using, for a given 
length of column, as large a diameter as possible to 
prevent general bowing; but when this is done, for a 
given cross-sectional area of metal, the tube walls 
may become so thin as to precipitate local buckling 
and crumpling in the manner of an open-ended paper 
tube. In 1914, Southwell investigated the theory of 
local buckling of this kind, examining the stability 
of the walls by considering the effect of a generalised 
small elastic sinusoidal deformation of the walls. 
His result, as was shown by the parallel experimental 
work by Andrew Robertson, was of the right general 
form, though in practice buckling occurred at roughly 
one-third of the theoretical critical value. The 
difficulty of making at that time thin enough tubes 
adequately to check this theory (a wall thickness 
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preferably less than 1/100th of the diameter was 
required), together with previous experience of the 
effects of initial irregularities on solid strut behaviour, 
gave rise to the idea that this major numerical difference 
between theory and experiment arose from the 
inevitable departures in a real tube from true cylindrical 
form. And so the matter stood until fairly recently. 

During the last war, however, when aeroplanes no 
longer used circular tubes so much as curved metal 
plates in compression, the same sort of discrepancies 
between test and theory again arose repeatedly ,and 
Von K4rman in the U.S.A. and Leggett here, opened 
up a new approach. They argued that, although 
initial irregularities might be partly responsible, the 
main cause might be found in the inadequacies of the 
linear theory used by Southwell for what might be 
essentially a non-linear problem. 


Since the last war, and particularly during the last 
few years, the art of constructing large guided and 
ballistic missiles has advanced this problem further. 
These missiles have as their principal structure, 
very thin tubes of large diameter ; and these tubes, 
from the inertia of the missile warheads and the 
thrust of their jets, are primarily in compression. 
Moreover, under the military pressure upon industry 
in this field, ways have been found of making such 
tubes with walls not of 1/100th of the tube diameter, 
but of 1/500th or less. In these circumstances, the old 
problem of the static stability of a thin tube in com- 
pression came to a head in a vital way. 


When you pressurise a thin tubular column before 
loading it in compression, the first thing that happens 
is that initial irregularities of form (not of wall thickness) 
are largely smoothed out; and this no doubt helps. 
But the other, and more potent, thing that happens, 
is that the fluid inside resists inward movement and 
so opposes any tendency for the walls to buckle 
inwards rather than outwards. As a result the mode of 
buckling, ordinarily a chequer-board or ‘square dia- 
mond’ pattern, changes until with high pressure 
the vertical diagonal of the diamond has become so 
shortened relative to the circumferential diagonal 
that the deformation becomes, not diamond-wise; but 
circumferential corrugation-wise, with the bulk of 
the deformation outwards (and so necessarily plastic 
rather than elastic). And the critical buckling load 
thus becomes substantially greater than for the un- 
pressurised case. With such very thin tubes, the 
engineer’s ‘hunch’ rather than his theory, was right- 

In the field of tubes and shells, if we restrict attention 
to stability problems rather than strength ones, 
perhaps the most intriguing today is the problem of the 
deep-diving submarine shell. Here is a shell-like 
structure not under internal pressure and longitudinal 
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compression, but primarily under heavy external 
hydrostatic pressureseeking to crush it and its contents, 
So long as submarines were thought of as surface 
vessels able, on occasion, to hide by diving below to a 
depth of 100 ft. or so, the problem of making the huil 
structure withstand the hydrostatic pressure was not 
very difficult. It was no more difficult than making 
the circular flue in a large boiler withstand the pressure 
of the water and steam round it—a stability problem 
that was studied by G. H. Bryan back in 1888. But 
now that submarines, nuclear powered, are thought 
of as living under water, and that at much greater 
depths, matters are more difficult. ... We are here 
concerned not only with elastic stability, whether 
linear or non-linear, but also with such heavy externa! 
pressure that danger may arise from the metal itse'f 
yielding and becoming non-linear in its response to 
compressive stress.... The statics of this deep 
submarine problem has been attempted in many ways, 
but still is not solved to the satisfaction either of 
mathematicians or engineers. 


7. Epilogue 


It is common for engineering professors today to 
complain of the teaching of applied mathematics. 
Sixth-form schoolboys, when they arrive at a University, 
are often good at pure mathematics but poor or 
indifferent in its application. If this is true—and | 
think it is usually so—it may be due to the masters 
rather than the boys. How can a young teacher of 
mathematics, himself perhaps inspired mainly by its 
beauty of form, have had enough experience in its 
application to have felt its power and constructiveness 
in practical life ? 

But it is not at school alone that applied mathematics 
is taught indifferently. In most Universities the 
engineering undergraduates are exposed to the 
teaching of mathematicians mainly concerned with 
mathematical and science students, and in very few 
are the engineering students required to take applied 
mathematics at their final degree examinations. 

One learns best, one does best, when caught emotion- 
ally by the matter in hand, and this, I think, goes 
for pupil, teacher, and engineer alike. And in my 
field it is the great structure, the sweep of an aeroplane 
wing, the placid beauty of an ancient bridge, the 
sleek pride of an ocean-going liner, the ethereal grace 
of a cathedral, that first catches the heart-strings 
of a youth and all unbeknown binds him apprentice 
for a lifetime. 

To one caught in this way, statics can have not 
only the cold, if dead, beauty seen by the mathe- 
matician; it can come alive in the hands of an 
engineer and help to give birth in the future, as it 
has in the past, to new forms, new structures of 
service to mankind. 
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Spiral Staircases 


by D. E. Ryder, A.M.I.Struct.E. 


The reinforced concrete spiral staircase is being 
increasingly used nowadays, usually as an alternative 
to the external steel fire-escape, which can rarely be said 
to improve the appearance of a building. With skilful 
architectural treatment a spiral staircase can be a 
striking and attractive feature. 

Jndoubtedly it is better to precast a spiral staircase, 
as the formwork necessary for an in situ one would 
be very difficult to make. They usually consist of 
precast concrete elements (Fig. 1), which when 
assembled form a hollow centre column with cantilever 
steps. The separate elements are made to act as a 
whole unit by the hollow centre containing either 
reinforcing bars and in situ concrete, a mild steel tube 
or a tensioned bar or cable. 

The end conditions of the staircase are generally 
assumed to be one of the following :— 

1) Pinned at the top and bottom. 

2) Pinned at the top and fixed at the bottom. 

3) Free at the top and fixed at the bottom (free- 

standing). 

The steps are designed as simple cantilevers and 
present no special problem. 

To design the centre column it is necessary to find 
the direct Toad and the magnitude and direction of 
the bending moments on it. The bending moments 
can be found in several ways, but the graphical method 
described in the article is, in the Writer’s opinion, 
the most straightforward and adaptable. 
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Fig. 1—Plan 


As the cantilever steps only apply a direct load and 
bending moment to the column, the horizontal shear 
is constant in magnitude and direction, and the 
resultant bending moment at any section may be 
found by drawing a moment polygon with all the 
applied moments above that section and the moment 
caused by the horizontal shear. This is shown in the 
following examples, in which the moment of one step 
about the centre of the column has been taken to be 
10 kip in. (10,000 Ib. in.). 

The effect of wind may be considered by treating it 
as an ordinary column with side loading. 
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1._Symmetrical spiral (turning through multiples 
of 360°) pinned top and bottom. (Fig. 2] 


Procedure 


(1) Calculate bending moment of one step about 
centre of spiral = 10 kip in. 

(2) Combine the bending moment of each pair of 
steps to simplify = 20 kip in. 

(3) Draw the moment polygon starting at the top 
of the spiral. As the polygon closes there are no 
external forces at the top or bottom and the 
resultant bending moments may be scaled off 
the moment polygon as shown. Example—At 
the second pair of steps from the top there are 
two 20 kip in. moments acting in the directions 
shown in the moment polygon, and the resultant 
of these is 37 kip in. 

The bending moment at mid height can be checked 


by 
3 > 
M = | — sin 0 dé = aa pad 


° 


kip. in. 


= 51 kip. in. 
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2.—Spirals which are fixed at the bottom and free at 
the top, also for dead load moments for spirals which 
are to be constructed without propping. [Fig. 3] 


Procedure 


As in Case 1, except that there can be a resultant 
moment at the bottom, as shown in this example. 


3.—Unsymmetrical spiral pinned top and bottom or 
symmetrical spiral unsymmetrically loaded. ([Fig. 4] 


Procedure 


As in Case 1, except that as the polygon does not 
close, and as there cannot be a resultant moment at 
the bottom, a horizontal force applied at the top of 
the spiral will have to be provided to close the polygon. 
In the example the closing moment = 37 kipin., 
therefore the additional moment at say 4 height from 
top = 4 X 37 kipin. = 6-15 kipin., and when com- 
bined with the moment of 20 kip in. gives a resultant 
of 23 kip in. The propping force required at the top = 
37 kip in. + height in inches, and acts in the direction 
of the 37 kip in. closing moment. 
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influence line for the bending 
moment at the base due to 
the propping force, when a 
unit moment is applied at any 
point. 
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MOMENT POLYGON 
Scale 2cm. - 10 K” 


Fig. 6 


4.—Spiral fixed at bottom and pinned at top. [Figs. 5 & 6) 


Procedure 
The applied moments must be resolved into two 
directions at right angles to each other and by means 
of the influence line the bending moments at the base 
due to the propping force can be found. These bending 
moments may then be combined to give a resultant 
moment. In the example, these moments are 58 kip in. 
and 3-5 kip in., and the resultant moment is 58-5 kip in. 
The propping force at the top = 58-5 kip in. + height 
in inches and acts in the direction of the 58-5 kip in. 
moment. 
If the loading is applied to all the steps, the following 
gives a quicker result. 
M,Y The moment in Y direction at distance Z from 
top if the top is free 
_ 2rdm .. oe =m (147) 
= | (1}n)>-dz aes cos —F 
xm 
+ (ite) 
The bending moment at the base due to prop in 
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M¥fx The moment in X direction at distance Z from E 
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* If the spiral turns through an angle different to 14m the angle 
(1}7e) must be changed to suit. 
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Some Statistical Aspects of Design in 


Foundation Engineering 


by 
Hsuan-Loh Su, M.Sc.Tech. 


1. Introduction 


The large scale examination of structural safety has 
received an appreciable momentum since the end of the 
last war. During the course of such study, it was 
confirmed that according to the current convention a 
design can be made after a vigorous analysis based on 
well founded theories, yet the so called ‘safety’ of such 
a design is still an enigma; and the ‘safety’ of its 
constituent members is neither uniform nor discernible. 
It is evident that the link between the analysis and the 
design, both of which are major components of design 
philosophy, is too weak. 

The focus of this problem is the concept of the safety 
factor, which has been frequently and so far still 
correctly referred to as the factor of ignorance. Its 
mystery is often ascribed to the inconsistency of 
workmanship, the non-homogeneity of construction 
material, the inaccuracy of the physical theories, and 
the incomplete knowledge of the working conditions, 
etc. . 

Nevertheless, after such a correct diagnosis, no cure 
was thought of by engineers until a few years ago when 
Pugsley introduced a concept of probability 1.2 followed 
by Johnson in Sweden,? Freudenthal m the United 
States,4 and Chilver in Britain.5 A tentative theory to 
introduce the probabilistic concept mathematically into 
safety problems was proposed by Johnson and supported 
by Freudenthal. The fundamental defect of this theory is 
the choice of the principal parameter, the safety margin, 
which is without much theoretical or practical signifi- 
cance. The complicated manipulation involved in their 
approach appears cumbersome and unnecessary. Even 
the advocates of this school could not but confess that 
“the day is still a long way off when the concept of 
factor of safety will be supplanted by the concept of 
probability of failure’ ® and that ‘a great deal 
of work remains to be done before it will be possible to 
determine factors of safety and related quantities on 
scientific and economic bases ”’ 7? Such defeatism can be 
easily refuted as previously shown 8,9 if a correct 
approach is adopted. 

In this paper, a general method of design with 
special reference to foundation engineering, some 
problems in which are quite particular, is suggested 
based upon the familiar safety factor. A brief theoreti- 
cal development of the proposed concept is introduced 
and is followed by several examples of practical problems 
in foundation engineering. Readers will be assumed to 
possess the elementary knowledge of statistics, further 
reference on which can be obtained from any standard 
texbook such as listed in References. 1° 


2. Design versus Analysis 


Design and analysis are principal components of the 
philosophy of engineering design, a detailed discussion of 
which is unfortunately beyond the scope of the present 
paper and will be dealt with in another paper. There 
are many differences between them. In both cases, 
Some predictions with regard to the behaviour of an 
engineering design have to be made. In the case of 
analysis, it is merely a matter of application and, 


whenever appropriate, amplification of the results 
obtained in certain physical investigation. Predictions 
here are concerned only with either well defined or 
idealized situations and can therefore be made with 
accuracy. 

In the case of design, predictions must be made on 
various aspects which will appreciably influence the 
performance of the object being designed,-stich as the 
physical, the economical, and even the aesthetical 
aspects. Some of these problems may be so complicated 
that no rigid rule governing them can ever be found. 
Sometimes the problem itself may be difficult to define. 
These are problems which can only be solved in a 
probabilistic sense by means of some statistical 
techniques. 

From the above brief discussion, it can be seen that 
strictly speaking the analysis is one of the problems in 
the design. The former is a purely physical problem, 
whereas the latter is a statistical one which contains the 
purely physical as its extreme case. Engineers in the 
past, being influenced by the success of various physical 
theories, are inclined to attach too much weight to 
‘analysis’ and become quite satisfied to remain under 
the reign of ‘ ignorance.’ 

The pioneers in engineering, appreciating the 
uncertainty of the performance of their design but 
being handicapped by their mathematical tool kit, 
could hardly understand the essential features of the 
design problem, and consequently could only try to 
find a refuge under the factor of ‘ safety.’ 

Such procedure of design and such an attitude 
towards ‘safety’ is rather arbitrary. Some designers 
even consider the safety factor merely as a subsidiary 
of the problem of analysis, and thus erase any trace of 
its statistical heritage. The factor of safety, instead of 
signifying the efficiency of a design, is employed. to 
‘safeguard ’ the design and the designer in a qualitative 
way. 

The importance of adopting a statistical approach to 
design problems lies in the fact that since such problems 
involve quite a number of stochastic variables, only 
the statistical approach can place everything properly 
in perspective. If this fact had been accepted say 
two decades ago, there should have been no designer 
using some irrelevant criteria for design, such as 
adopting a ‘collapse’ method to design a non- 
collapsible object. 


3. Probability Concept of Safety 

The concept of safety as originally postulated by the 
pioneers in engineering became obsolete as a result of 
modern methods of analysis, design, and construction. 
In the early days when engineering science was still in 
its infancy, the main consideration of design was 
concentrated on the safety of the user, and of course 
the designer himself was responsible for the user’s 
safety. Hence the name ‘safety’ and many associ- 
ated terms such as safety factor, safety margin, etc. 

As the engineer becomes more conversant with 
structural engineering, it is apparent that safety of 
users should not be the only criterion of any design. 
Theoretically, it is entirely possible to construct a 





structure strong enough to withstand any conceivable 
disturbance. However, such a structure would be 
a gross waste of material and other resources. Long 
before the end of its lease of life, this old-fashioned 
design, or some parts of it, may have to be altered, 
modified, or even demolished for various reasons. On 
the other hand, the development of the physical 
theories enhances the confidence of the engineer in his 
design ; and the accumulated experience invariably 
shows that his predecessor’s design was too conservative. 

The content of the safety concept has expanded 
rapidly during the last decade. In some design, it is 
the ‘unsafety’ which should be the principal criterion. 
For instance, a military aircraft could not be made 
strong enough to stand any shot because it would, if 
so designed, be difficult to manoeuvre and thus lose its 
military worth. Its chance of survival does not depend 
upon its strength, but upon its chance of missing the 
shots of the enemy’s weapons. 

It seems to be desirable that ‘safety’ be replaced 
by some more appropriate terms such as usability, 
serviceability, etc. Nevertheless, when simplicity, 
clarity, and tradition are taken into account, an 
expansion of the content of ‘safety’ appears to be 
preferable to a complete alteration of the term. There 
is already a familiar precedent in engineering nomen- 
clature, i.e., the relaxation method, which was named 
after the Hardy Cross concept of releasing end con- 
straint, although the, general method developed by 
Southwell is not particularly concerned with such 
release. On this assumption the expanded ‘safety’ 
will be retained in the paper. 

Perfect safety is not only impossible in reality but 
economically undesirable. The most comprehensive 
concept of safety is one that is based upon the proba- 
bility of usability, in other words, upon the qualitative 
appreciation of the relative safety. In any design 
there will be some given criteria of usability to be 
satisfied. It is hardly possible to guarantee that every 
object thus designed and produced will fulfil the 
requirements completely. The realistic way to judge 
the efficiency of this design and production is to 
measure the percentage of ‘imperfects’ or ‘ perfects ’ 
in terms of the total output. For instance, if a 5% 
level is fixed for the ‘rejects’ then the whole process 
of production is considered to be efficient if more than 
95% of the products turn out to be ‘ perfects.’ 

It must be noted that safety is not a universal term 
and must be referred to a definite criterion, which may 
be, say, the lower side of a deflection of 2 inches. If 
5% level of unsafety is accepted, then 95 out of 100 
members having a deflection smaller than 2 inches will 
enable the designer to claim the ‘safety’ of his 
design. The important point here is that there is no 
indication whether a deflection greater than 2 inches 
will endanger any human life. This quantity may be 
merely associated with the appearance of the product. 

In foundation engineering, a similar concept of 
‘safety’ to that in the general production engineering 
can be analogously developed. Some differences 
between the design criteria in substructure and those 
for superstructure should be noted. In the design of 
the superstructure, the plastic methods or the ultimate 
load methods are a direct consequence of misunder- 
standing the probabilistic meaning of the safety concept, 
and can at most be methods of checking, which is 
normally unnecessary. In foundation engineering, 
such methods may still find some room for their 
existence because the ‘safe’ and the ‘unsafe’ 
conditions in foundation are real and often complemen- 
tary. In fact, such plastic methods are insufficient 
when soil reaction is taken into consideration. Other 
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methods based upon a certain rheological complex 
will prove more realistic. 


4. Safety Factor, Safety Limit, and Safety Probability 


A definition of the statistical safety factor has 
recently been suggested.8. ® With a view to unifying 
similar kinds of engineering predictions and establish- 
ing a general design philosophy, the following 
modified version has been found useful and preferable, 

B's 1+ « o(8) é' File: 1) 

8' is the required safety factor, 

« is the safety limit, 

o(8) is the standard deviation of the available 
safety factor, and will be denoted as of 
when no confusion is possible. 

The relationship between 8 and its independent or 

uncorrelated arguments can be expressed as follows 

B=681A,8,C,---,N) - - (2) 
where the ‘constant’ §' on the L.H.S. is the required 
safety factor, the ‘function’ § on the R.HLS. is the 
available safety factor, and A, B, C,...N, etc. are 
its mutually independent arguments. 

The statistical relationship between the standard 
deviation of and those of #’s arguments can be 
expressed by the following 


S: dp \* OB\" pep a... 
a= (457 yA + (B 3B ) V2B c 


op \?2 


where VA, the variability of A, is the ratio of the 
standard deviation of A to the mean of A, i.e., 
V(A) = VA = of A)/E(A). 

So far only the case of independent or uncorrelated 
arguments is considered. That of correlated arguments 
is not of similar importance and will be neglected at 
present. It only needs to be emphasized that the 
correlated case adds little difficulty to the statistical 
manoeuvre as far as the theoretical treatment is 
concerned. 

From eq.1, it is apparent that the safety factor is 
directly and intimately connected with two quantities, 
aand of. The standard deviation of the safety factor 
is a measure of the dispersion of the probable values of 
6, and hence a measure of accuracy of the design. 
However, as implied by the word ‘standard’, the 
dispersion likely to affect the performance of a design 
may be greater, and can be ‘ measured’ probabilisti- 
cally by the safety limit «, which is related to the 
probability of safety through the following transform 


P,= P(—_ wo2x<2)= | * Flxddx mda SAS 


where 


— 
where Py is the safety probability, 
x is the safety parameter, 
a is the assigned safety limit, 
J (x) is the frequency function. 
The one-to-one correspondence between the safety 
limit and the safety probability is revealed by the 


above equation. If the frequency function is known, 

found, or assumed, P, can be computed once the 

safety limit is given. If the frequency function 's 

unknown, the lower bound of the safety probability 
can be obtained through the following inequality 

f 

Pz, 21— a . . + aS 

Stronger inequalities can be derived when more detail 

of the distribution, such as higher moments, becom:s 

available. If the two tails of the distribution curve 

beyond the range (— « < X < a) cover equal areas, 
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then 
1 
P,21— a3 . : : (6) 


If the Pearson measure of skewness is known, then 
41+s? 
oh fy: , ‘ 
2 1— 5s 7" 
where s is the absolute value of skewness. 


It should be pointed out that the probability of 
safety and that of unsafety are complementary, i.e. 


Py=1—Py= Pla< x < a) = [Fler @) 


In practical problems, the probability of unsafety can 
be more easily assessed than that of safety, and hence 
appears to be the more important. However, this 
should not detract our attention from the fact that 
strictly speaking, it is the safety probability, and not 
the unsafety one, which should interest us. 

If the frequency function f(x) is assumed to be 
‘normal,’ then 


1 x2 
P, 53 x iG” <ian 


Some values of P, corresponding to given values of « 
following a normal distribution are tabulated in Table 1, 
in which the lower bounds given by eq.5 are also included 
for comparison. 

Table 1, 


Safety Limit vs Probability of Safety. 





Safety Normal 
Limit Lower Bound Distribution 





0-¢ 0 -8413 

0: 0 -9332 

0 -75€ 0 -97725 

0- 0 -99379 

0: 0 -99865 

0- 0 -9997674 

0 -9% 0 -99996833 
0- 0 -9999997133 
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The content of the safety factor defined by eq.1 can 
now be fully appreciated. First, the uncertainty of the 
actual safety margin is signified by of, which will 
include all kinds of variation, such as in loading, in 
the strength of material, in the technique of con- 
struction, in the accuracy of theories, etc. Secondly 
the probabilistic meaning of the safety factor is 
disclosed by the safety limit, which directly corresponds 
to the safety probability. 

The generality of eq.2 should be noted. The safety 
factor thus defined is not necessarily to be associated 
with stress and strain, or disturbance and resistance 
only. This point will be illustrated in the examples. 


5. Impact Upon Pile Bents. (Example 1) 


[In the design of pile bents of a jetty, the impact of 
the vessels becomes important. The bending moment 
incuced by such impacts in any pile can be computed 
by the following formulae, 

M,=CK, - ° * (10) 


where M, is the bending moment in the i-th pile, 

K; is equal to the ratio of the moment of inertia 
of the i-th pile to its unsupported length, 
and may be:referred to as the stiffness of 
the i-th pile, 

C is defined by the following equation 
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Cre ef ee ee en, 
Ng (2K) 


where N is the number of pile bents mobilized to resist 
the impact, 
W is the displacement of the vessel, 
g is the gravitational acceleration (= 386-4 in/ 
sec/sec), 
v is the speed of the vessel, 
E is the Young’s modulus of the pile. 


The deflection of the top of the pile can be approxi- 
mated as follows 
a= 
6E 
CI 
3E 
For v= 0-25 in/sec, N= 10, W = 20 million lb, 
E= 3 106 p.s.i., EK3 = 7529 103, we have 
C= 19.67 Ib/in.5. The deflection of the pile can be 

so Se Jy . 19-67 x 10888. 4 nro 
assessed as follows A = rs Fu le 0.012 
where 10,692 is the moment of inertial of the 
18 in. x 18 in. concrete pile with 8 No. 1 in. sq. 
reinforcement. 

The above assessment can only be correct if every 
variable appearing in the computation is known 
precisely. In reality, these variables can only be 
approximately determined. In order to ascertain 
the possible variation of the result from such prediction, 
the safety factor should now be introduced. The 
safety equation for deflection is 


Iv - z 1 
| WieNes (ZK) |? rae” tele 


(both ends ‘ fixed ’) ° . , (12) 


A= (hinged at top) . . . (13) 


ee 


Therefore, 


2 ‘ 08 ]2 = 
o28 =[20 | V2(I) + lz v) | V2(v) + ++ 


The coefficients of the variabilities are 


E(/) OB _ EF) en Bt) cet 


IU 


ol 


am, o 
EW) xy = 3 


op — op onan ae 
— = , — — ry N ———— 1 
E(E) aE E(XK°8) aEK3 E( ) an } 
whereas the coefficient for V(g) is not needed. 
If the following values of variability are assumed, 
7(E) = V(A) = 0-02, 


o8 = 0-276 
If « = 3 is adopted, then 6'= 1 + 3X0-276 = 1:83. 
The probable maximum deflection corresponding to 
a = 3 is therefore 0-022 in. 
If timber piles of 12 in. dia. are used to replace the 
18 in. sq. reinforced concrete piles with the pile spacing 
halved, then 


A - T? < 107/3 x 20 x 386-4 x 6500 


x 15 > 105 |* =0 -076 


If the same of as in the case of concrete piles is used, 
then the probable maximum corresponding to « = 3 
will be 0-139 in. 

















: 








Fig. 1.—Open Caisson 


6. Open Caisson (Example 2) 

The caisson bell under consideration is shown in 
Fig. 1. The following data are given: d= 7ft., 
D = 15ft., y (unit weight of soil) = 120 Ib./cu. ft., 
@ (angle of internal friction) = 8°, c (cohesion) 
= 1,700 lb./sq.ft., f (skin friction) = 600 Ib./sq.ft., 
Yc (unit weight of concrete) = 150 Ib./cu.ft. Rankine’s 
formulae is used to assess the bearing pressure. Then, 
tan (45° + @ /2) 
cos? (45° — @/2) 
The total bearing capacity Q will be 

Q = xD2p/4 + dxf (H — 10) 

The total loading will be 

R= W + [xd?(H — 10)/4 + 1140 + 177] ye 
The safety equation for strength will be 

a, — R _ W + [nd*(H — 10)/4 + 2] ye 

° Q@  ~— -wD®p/4 + dxf (H — 10) 
where k = 1317 cu.ft. 

In this problem the determination of H is the focus. 
The above criterion based upon strength is not of direct 
use. It is better to find, if possible, a criterion for H 
itself. In cases where it is prohibitive to obtain an 
explicit function of H, there are three possibilities : 
1, to use a method of successive approximations or 
successive corrections ; 2, to employ a reverse process 
and to find the safety limit of the result ; and 3, to use 
other kinds of relevant criteria. In this example, H 
can easily be expressed explicitly as follows 


, Dc tan3(45° + @ /2) 
W +hyc—nd? y¥¢/4— 3 
+hyc—nd? ye/4—10d nf 2 cos?(45° — @/2) 


p = Ay tan’ (45° + @/2) + 2c 





(15) 








H= 





=D? 
= Y sand (45° + 2/2) +dnf — nd®ye/4 


(16) 


Therefore, the safety equation for H can be symbolically 
written as follows 


Ga = H(W,R, ye, 4,f, 2, y, D,c, --+)/H 
In order to simplify the illustration, it isassumed that 
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only the variation of W and f are of significant magni- 
tude and all others are negligible. Then 


op _ 
ap = 4:89 


f = — 0.358 
o28y = 0.251, oBy = 0.501, 
B'n = 3.04 for « = 4, 

*. H = 15.1 X 3.04 = 45.9 


When H = 46 ft. is substituted in eq. 15, the actual 
safety factor based on strength can be estimated, and 
is found to be 1.59. If necessary the actual safety limi 
with respect to strength can be determined after 
computing coBs. 


7. Bearing Capacity and Settlement of Footings 
(Example 3) 


Several bearing capacity formulae based upon some 
plastic theory are available. However, they are 
essentially ‘checker’s formulae’ unsuitable for the 
designers. The reason is simply that the plastic 
methods can at best assess what should hardly ever 
happen, but ignore the normal performance of the 
footing. In fact, many of the criticisms of the plastic 
design in steel are also valid for footing design. 

(For such criticisms, see Ref. 11, 12, 13, 14). 

The sensible way is to derive some kind of load- 
settlement relationship, no matter how empirical they 
appear. It is frequently found that such relations can 
be approximated by an exponential function. When 
expressed in terms of symbols, this means 

p=aaxpbe+ec -: ; - (17) 

pis the pressure immediately beneath the 

footing, 

e isthe ‘ half-life’ settlement of the footing, 

a, b, care in general functions of the time, the 

physical characteristics of soils, the 

geometrical and the mechanical features 

of the footing, etc. However, they will 

be referred to as ‘constants’ for any 
particularly footing. 

The half-life settlement or simply the half settlement 
is one half of the ultimate settlement. The advantage 
of adopting such a concept is that the settlement rate, 
which often appears to be more significant than the 
absolute value of settlement, can be indicated. On the 
other hand, the ultimate value can hardly materialize 
because long before the time approaches infinity, the 
prevailing conditions may have changed considerably 
from what were expected in the design stage. 

When certain assumptions are accepted, the con- 
stants a, b, c in eq. 17 can be found as follows (See 
Ref. 15) : 

rae 2 2 
a= Rm (H + 3B)? (H + 3D) 
hi 2-3 (1 + e) 
ai HCe- 
yH 
27 B2 


where 


c= 


[ + 3B)? + 3D (H + 6B) 


where y is the unit weight of the soil, 
B is the width of the footing, 
H is the depth of the compressive layer, 
D is the depth of the backfills, 
e is the void ratio of the soil, 
Cg is the slope of the e vs log p curve. 
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Suppose the structure is a 900 tons monument with 
symmetric cross sections, B = H = 30ft., D = Sft., 
y = 140 Ib./cu.ft., e = 0.5, then 

a = 1-87 ton/sq.ft, 
6 = 0.30 in.—! 
c = —1.52 ton/sq.ft. 


Therefore, 
p = 1-87 exp 0.30 — 1-52 
The safety equation is 


= ; [} ‘87 exp 0-30e — 1 82 


Ir a settlement of 3 inches is acceptable, then the 
coefficients of the variability will be 


op 


OB _ o.448 
ay = 0-448 


0B 
= Q -494 
op 
Therefore, 
o28 = 2-23 V2a + 0.20 V2b + 0.244 V2c + V2 
+ Allowance 
If Va = Ve = Vp = 0-20, Vb = 0-30, and no allowance 
is made for other effects not expressed in eq. 18, then 
o8 = 0-396. For « = 3, we have the required factor 
of safety = 1 + 1-19=2-19. Therefore, the allowable 
bearing capacity is 3-08/2-19 = 1-40 tons. If only 
1 t/sq.ft. is used, the corresponding « can be found to 
be 5-26. 
In assessing the probable settlements, the physical 
equation should be rearranged as follows: 
] p—ce 
P=; ln = 


and the safety equation will become 


en p—ce 
wig I ” a 


The required coefficients are 


) eh. aoe 


a 
+ ye 
ay; 323 
op a 
llama 010 
a - — 3-334 
At p = 1 t./sq.ft., p = 1-00in. Take Va = Ve= 
Vp = 0-20, Vb = Vp = 0-30, then 
o28 = 0-856 
of = 0-923 
Ii « = 2 is used, then the required safety factor with 
respect to settlement will be 2.85. Therefore, the 
probable maximum settlement is 2.85 inches. 


8. Concluding Remarks 


(1) The proposed statistical approach to design 
problems will enable the engineer to design on a 
rational and economical basis. The mystery of the 
factor of ignorance is now fully exposed. It is, there- 
fore, possible to reduce even completely to eliminate 


75 


such ignorance, although in many cases, it may be 
an advantage economically to retain a large safety 
factor. 

(2) The engineer is normally only interested in the 
mean of a variable. Now it becomes evident that its 
standard deviation is of equal importance and should 
be obtained as well. Only when such statistical data 
are available can the ‘safety’ problem have a useful 
probabilistic solution, which is the only rational 
answer to ‘ ignorance.’ 

(3) The distribution of the safety factor can be 
assumed, whenever necessary, to be ‘normal’ until 
sufficient data prove otherwise. This hypothesis can 
be accepted particularly when none of $’s arguments 
is dominating and when the number of such arguments 
is fairly great. However, it must be stressed that the 
method developed here is non-parametric, and its 
validity does not depend upon any partieutar distribu- 
tion ; and that the lower bound of the probability of 
safety can always be determined. 

(4) Very little on the theory of probability has been 
touched in the paper owing to the following reasons : 
a, it is not intended to scan the whole field of design 
philosophy; b, the problem of probability will not 
directly affect the practical engineer in its complicated 
forms. It has been shown that only the safety para- 
meter and the safety limit is connected with the problem 
of probability and it can be manipulated with ease by 
the structural engineer. 

(5) In the examples, although the statistical relations 
are as a rule derived from some physical relations, the 
former can also be directly obtained by means of some 
statistical technique, whereas the latter must have been 
established statistically. Furthermore, if such physical 
relations are shown by experience to be not very 
complete or reliable, such inaccuracy can be incorpora- 
ted in the safety equation by introducing an extra term. 
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Tall Buildings — Problems in the Design 
and Construction as Affecting the 
Structural Engineer * 


Mr. J. A. DERRINGTON (Associate-Member) said 
that although the design of foundations for tall build- 
ings had caused consulting engineers to think afresh, 
contractors’ engineers had not been inactive in de- 
signing and constructing plent which could be used 
for the installation of deep cylinder foundations. 
In particular, the type which could provide a shaft 
with an enlarged base at depths of 80 feet in London 
clay was noteworthy and he proposed to show a short 
colour film of this plant at work which he hoped would 
interest members. 

Many of these cylinders had been tested with loads 
up to 750 tons and had shown that, provided shaft 
and belled base were of adequate’ proportions, the 
load carrying capacity was increased considerably 
by the provision of the bell, and relieved the engineer 
from relying entirely on the adhesion of the shaft 
to the clay, for which such widely varying results 
were available in published literature. 

Mr. E. O. MEASOR (Member) referred to the problem 
of foundations for tall buildings in the London clay, 
for he considered this to be the most important single 
problem for such buildings in the London area. The 
Author, he said, had suggested that tall buildings 
would cause a pressure on the gross area of ground 
covered of as much as 6 tons per sq. ft. The column 
loads for a 25 ft. grid would be of the order of 2,500— 
3,000 tons. This called for exceptional foundations. 

The Author had referred to the recent development 
of large diameter shaft piles and had said that extensive 
tests carried out under his control would not appear 
to substantiate claims made for the bell ended shaft 
pile. Mr. Measor had gathered that the Author 
believed that to be due to the fact that the use of a 
bell reduced the skin friction and transferred the 
entire load to the base of the bell. That statement, 
however, was not supported by an extremely care- 
fully conducted test which had just been carried out 
under the direction of his firm. On the contrary, 
they had found that the skin friction was in the range 
that would be indicated by Professor Skempton’s 
recent publication. They had separated out the load 
on the bulb from the load on the shaft by a load cell 
placed at the junction between the two; they were 
satisfied that the load cell worked reasonably satis- 
factorily. He could only assume that there was 
something seriously wrong with any load cells used 
in the Author’s tests and which had led him to his 
conclusion, which was not only contrary to the test 
which his firm had carried out but also, to his mind, 
to any common sense examination of the subject. 

The only way he could see in which the bell could 
affect the shaft friction—apart from the bottom few 
feet of the shaft—was by causing a longer time to 
elapse between the drilling and the concreting of the 


*Read before the Institution of Structural Engineers at 11, Upper 
Belgrave Street, London, S.W.1., on the 7th April, 1960. Mr: 
Lewis E. Kent, B.Sc.(Eng.), M.I.Struct.E., M.I.C.E. (President) 
in the Chair. Published in ‘“‘ The Structural Engineer”’ Vol. 
XXX VIII, No. 6, pp. 177-184. 


Discussion on the Paper by Lt.-Colonel G. W. Kirkland, M.B.E. (Mil.), M.I.Struct.E., M.1.C.E. 





shaft. But he did not think that really made any 
difference because the side of the shaft had ample 
opportunity to soften sufficiently when a bored pile 
was being concreted. He therefore believed one 
must accept the fact that a very conservative figure 
had to be taken for side friction of a friction pile. 
The use of a bell carried the load to bearing on the 
clay, which long experience had shown could be relied 
upon up to a figure determined by settlement rather 
than strength. At the same time a large side friction 
was mobilised. 

To distribute the heavy column loads of a tall 
building on to side friction piles with a safe carrying 
capacity of, say, 300tons required a formidable, 
heavy and expensive raft. On the other hand, if a 
pile with a belled base were used, the column load 
could be taken down axially into the pile, since its 
carrying capacity was much higher. For gross loads 
of 4 to 5 tons per sq. ft. and consequent column loads 
of 2,500 to 3,000 tons, it was not possible, however, 
to take the whole of this load on a belled pile, but the 
balance of load could be carried on a part strength 
raft at about 2tons per sq. ft. The Author had 
suggested that the plain pile led to a greater spread 
in the clay and, at the same depth as the bell ended 
pile would be founded, would have transferred the 
load of the supported structure over a larger total 
area, thus giving smaller settlements and utilising 
a greater volume of the supporting medium. 

Mr. Measor did not think this was a correct state- 
ment of the behaviour of a concentration of side 
friction piles under a large raft. In carrying a load 
of 5 tons per sq. ft. on to a thickness of 60 to 80 ft. 
or so of London clay from a large loaded area a signi- 
ficant settlement was in his opinion inevitable. It 
was true that the load under the base of a bell pile 
must be controlled by considerations of settlement 
rather than of strength. But that, in his view, was 
equally true of a raft with side friction piles. He 
would be grateful if the Author would say what thick- 
ness of raft was necessary to carry 5 tons per sq. ft. on 
to the side friction piles in the tall building to which 
he had referred. 

In conclusion, he said he was not arguing against 
side friction piles as such in the London clay, but 
against the Author’s comments on the belled pile, 
which he thought must have arisen from something 
seriously wrong in the test which had been made, or 
from the Author’s misunderstanding of the test. At 
the same time he added that the use of the belled pile 
in London clay was a new development and it would 
obviously be a few years before the behaviour of such 
piles could be fully known. There were obviously 
considerable variations in the strength and quality 
of London clay and at the present time it was prudent 
to use conservative bearing capacities. 

Mr. A. L. HANDLEY (Member) speaking as the 
District Surveyor to the City of London, said he was 
becoming apprehensive about many aspects of new 
developments in building technique and in particular 































ERT TTT IS 




















Se eee 






























POMBE ITE Wem spake 2 


1 TURE ois Ba 





C.E. 


de any 
ample 
ed pile 
d one 
figure 
n pile, 
on the 
> relied 
rather 
friction 


a tall 
arrying 
idable, 
a. ar a 
n load 
nce its 
s loads 
n loads 
ywever, 
put the 
rrength 
or had 


spread 

ended 
ed the 
r total 
tilising 


- State- 
of side 

a load 
» 80 ft. 
4 signi- 
le. It 
ell pile 
lement 
Ww, was 
s. He 
> thick- 
. ft. on 
| which 


against 
y, but 
d pile, 
1ething 
ade, or 
st. At 
led pile 
would 
of such 
viously 
quality 
rudent 


as the 
he was 
of new 
rticular 


February, 1961 


about the introduction of cylinder foundations with 
or without belled ends. 

As he was faced with giving decisions on the use 
of such foundations for three or four large buildings 
in the near future, he was concerned with the confused 
opinions he had heard expressed about the results 
of tests on different sites, it was difficult to decide 
whether the assumptions on which the foundations 
were designed were borne out by the test results. 

A comparison of the results of tests on normal bored 
piles and on cylinder foundations appeared to show 
considerable divergencies, particularly in respect of 
carrying capacity and settlement under load. 

In the case of cylinder foundations with belled ends 
he wondered if after a period of say ten to twenty 
years it might be found that most of the load was 
being carried as end bearing with little support from 
friction on the side of the shafts. 

PROFESSOR A. L. L. BAKER (Member) after compli- 
menting Colonel Kirkland on his interesting talk on a 
very important subject, raised the question of hinges 
in a building. He said he had always designed rafts 
to be stiff enough together with the building frame to 
reduce deflection to within a limit of about 1 inch in 
1,200 inches, and experience showed that that limit 
would prevent brickwork or other similar cladding 
from developing cracks. He had gathered that when 
Colanel Kirkland had referred to hinges he had in 
mind a particularly long building, or there were con- 
ditions which perhaps made it impossible to stiffen 
up the frames all the way round to reduce deflection. 

Recalling Colonel Kirkland’s statement that he had 
checked the designs of the Empire State Building, 
Professor Baker said he had always wanted to find 
out whether it was braced and, if it were not braced, 
where the points of contraflexure were assumed to be. 

Mr. HuGHEes (Member) mentioned two points on 
which he was in agreement with the Author and others 
were in opposition. 

First, he thought that the people who supplied 
designs “free,” as part of their ‘“service’’ when 
supplying something else, got a far better return, in 
fact, than the consulting engineer who depended on 
his standard fee. 

Secondly, he agreed thoroughly that in this terrific 
business all the drawings should be ready before the 
jobs started. In his career he had experienced that 
only about twice. He did not think we were liable 
to get resonance effects in ordinary buildings from 
wind, and he could not see how we should find any 
torsion buckling from wind loads. 

Lt.-Col. KIRKLAND, replying partly to the dis- 
cussion, said he had achieved his object in presenting 
the paper by provoking a certain amount of discussion, 
which he had deliberately set out to do. He did not 
claim to be always right, but he could present an 
argument which convinced him sufficiently, whereas 
it was not necessarily convincing to others, and their 
ideas were occasionally better than his. 

In thanking Mr. Derrington for his remarks and 
particularly for his film he said he was Consulting 
Engineer for a big job at Millbank, where there was a 
large notice board bearing the name of the contractors 
and the name of the firm which did the boring. Mr. 
Derrington might be quite happy that the two firms 
he had referred to were without equal; Colonel 
Kirkland was also quite satisfied that his contractors 
and the foundations they had produced were equally 
beyond compare. 

Then he came to the remarks about the bell pile by 
Mr. Measor, who was quite satisfied with the results 
he obtained. Colonel Kirkland was equally if not 
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more satisfied with his own results. He had first-class 
people working for him, who went to considerable 
trouble to carry out quite extensive tests. The 
apparatus used had worked extremely well; but the 
results could not be regarded as absolutely accurate, 
particularly when using an oscillograph. Those re- 
sponsible for the work were convinced of the con- 
sistency and reasonableness of the results obtained. 
He hoped that in time Mr. Measor and himself would 
be competing on the basis of the knowledge they had 
acquired in their particular fields. 

In case Mr. Measor’s reference to the doubling of 
the shear strength of a blue clay area at 80 ft. down 
should be wrongly used, he agreed that generally 
speaking that was the case, but on at least three sites 
to his knowledge there was considerable reduction 
of shear strength in certain areas. Therefore he felt 
it would be rather dangerous to assume that the clay 
had a constant or even an increasing value for pile 
borings. He mentioned that as a cautionary note. 

With reference to the Shell building, which was 
much heavier than the one at Millbank, having con- 
ventional girdering and some larger areas at each 
level, very many distribution services, lifts, and so on, 
he said that all this would mean additional weight. 
The additional weight on the foundation at Millbank 
due to having a raft was approximately 11} cwts. 
per sq. ft. They had used a dense concrete for the 
bottom membrane of the raft and again the same high 
grade concrete for the top of the raft. 

He was glad that Mr. Measor was in agreement with 
him regarding settlements. 

In thanking Mr. Handley very much indeed for his 
contribution, Colonel Kirkland said the firm had very 
close and intimate co-operation with Mr. Handley 
today and for some years past ; they worked together 
perfectly amicably and shared each other’s views in 
some respects. 

Concerning the tests on the piles, which Mr. Handley 
had queried, Colonel Kirkland said they had used a 
sleeve which kept all material other than the clay 
clear of the shaft. When the ballast was consolidated 
there would be additional supporting value. 

Commenting that Professor Baker appeared to have 
misunderstood his remarks regarding hinges, he said 
he had been referring to hinging the contiguous struc- 
tures for differential settlement rather than major 
settlement. The tower at Millbank will be 386 ft. 
high and in view of the fact that the structures will be 
clad in curtain walling it was considered necessary to 
provide a hinge between the high block and the ad- 
joining low structures. 

As to the Empire State Building, he said that at 
the time he had examined the figures there he had been 
concerned with one of the new buildings in London, 
Shell-Mex House, where the wings at the Strand end 
had to be designed for wind to meet the requirements 
of the new Building Act. It was found that we in 
this country were quite approximate in our methods 
of approach ; but he was amazed, when he had seen 
the Empire State Building calculations, to find that 
they were even more approximate. 

Concerning the bracing, it applied only to the tower 
above the main block. There was considerable and 
perceptible movement on uppermost floors of the 
building ; and he was told, when in America recently 
that there was some difficulty in maintaining contin- 
uous tenancies at the top because of the movement. 

Mr. Hughes’ comments certainly made it clear that 
the Client would probably pay considerably more 
for the services usually given by a Consultant if the 
work were in fact done by a Contractor and he was 
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grateful for his support in this matter. He must, 
however, be a profound optimist if he were hopeful 
of having all drawings available when work com- 
menced. That happened on very rare occasions only. 
Occasionally this state of affairs might exist when 
working for an Authority who obtained the money 
from the State since by the time they elected to pay 
it could well cover only half the cost of the building 
and it would be said that in all probability permission 
to build the next part later on might be given when all 
the working drawings would probably be completed. 


Written Discussion 


Mr. N. G. RowsBoTuHam (Associate-Member) asked if 
the Author would clarify two points, namely, asphalting 
and hinges. 

With regard to the asphalting of basements, Colonel 
Kirkland had mentioned he was in favour of using a 
dense concrete instead and careful crack control. 
This would mean presumably a 1 : 1 : 2 concrete mix 
plus a waterproof additive, but how would the hair 
cracks in the tension face of the wall be minimized ? 
Could this be guaranteed if a light fabric were to be 
placed outside the main steel in the requisite 3 in. 
concrete cover ? 

The Author had mentioned, on the subject of hinges, 
between the tower and the lower storey wings of a 
multi-storey building, providing hinges in the slabs 
to allow for differential settlement. How in fact, 
could this be dealt with assuming a reinforced concrete 
building? Would they have to be mechanical or 
could they be formed with the reinforcement similar 
to the usual staircase reinforcement arrangement ? 
Presumably the same system would have to be used 
on the beams. 

In reply to Mr. Rowbotham, the Author writes :— 

The concrete to provide a water resisting mix does 
not need to be as rich as 1:1:2. In fact, a mix as 
rich as this may lead to an increase in the size and 
number of shrinkage cracks, thus defeating the object 
of the exercise. It is not possible to lay down any 
hard and fast rules for the proportioning of the aggre- 
gates and cement to produce a water resisting concrete 
as these very proportions depend on the type of 
aggregates to be used. 

Apart from strength considerations, the most 
important factor in proportioning aggregates to produce 
concrete resistant to the penetration of water is density 
but, at the same time, workability must not be over- 
looked. It would be useless to design a concrete 
which is theoretically completely waterproof if it were 
impossible in practice to achieve full consolidation 
of the mix. In order to assist workability it has been 
found advantageous to introduce plasticiser into the 
mix but not a waterproofer. A typical mix for water 
resisting basement construction on which the Author 
has been engaged is | : 2-1 : 3-15 by weight of ordinary 
Portland cement, Kingsmead sand; Chertsey Coarse 
Aggregate, with a water/cement ratio of 0-48 and } 
pint of liquid plasticiser to each cwt. of cement. 

Cracks can best be minimised by providing con- 
struction joints at about 15 ft. centres incorporating 
water bars and casting alternate bays, thereby per- 
mitting shrinkage to take place before the infilling 
bays are cast. The Author does not consider that a 
light fabric placed outside the main reinforcement 
would have any appreciable effect and would only tend 
to make consolidation of the concrete more difficult. 

Hinges on the Millbank Development are of the 
mechanical type and are formed by simply supported 
slabs resting on projecting nibs without any con- 
tinuity reinforcement. Beams have not been used 
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at these junction points so that the problem of dealing 
with hinges in beams has been avoided. 

Mr. D. M. FOouNTAIN, M.B.E., expressed his dis- 
appointment at not having been able to attend the 
reading of the paper, particularly in view of his re- 
sponsibility as Contract Agent for John Mowlem & 
Co. Ltd., on the Millbank Development Project for 
Messrs. Vickers Ltd. The Architects were Ronald 
Ward & Partners and Colonel Kirkland was the 
Engineering Consultant. The most important building 
on the scheme was the Tower Block and a great deal 
of design consideration had been given. 

Mr. Fountain supported the recommendation put 
forward in the paper for early inclusion of the ma:n 
Contractor as an intimate member of the team con- 
cerned in initial planning and preparatory design work. 
There should be no confusing of this with the function 
of design offices established by several major con- 
tractors, including in a particular field the Company 
by whom he was employed. He stated his opinion 
that these facilities could not ever satisfactorily and 
economically replace appointed consultants’ with 
experience and staff to meet the requirement. 

He had no doubt that very real advantage resulted 
on both sides from extensive liaison at the design 
stage, and he felt that the methods of construction, 
suitability of plant, materials handling, labour possi- 
bilities, time phasing and mitigation of seasonal 
weather conditions, could all be considered jointly 
with much benefit to the contract as a whole. In 
the case of Millbank, very real and effective co-opera- 
tion had in fact been possible because of the con- 
tractors’ own early interest in the development, and 
the commendable early appointment of major sub- 
contractors whose experience had been readily available, 

His own experience on a number of large and im- 
portant contracts showed that the best result in 
completion time and monetary matters came from 
the professions and contractors, working as much a 
team as the particular circumstances would permit. 
This applied particularly where some unusual or 
unique requirement was to be accomplished. 

Tall or multi-storey building both in design and 
constructional technique was relatively new to this 
country, and extensive pre-planning was an essential 
factor in success measured in terms of quality, time 
and cost. This pre-planning had been used to good 
effect at Millbank, but sufficient broadness of outlook 
had been retained by the principals to ensure flexi- 
bility and scope in the solution of day to day site 
problems. From this co-operative effect it was hoped 
to produce a Development and Tower Block in the 
forefront of contemporary London buildings which 
would bring credit to those responsible in design and 
execution. 

The PRESIDENT extended a welcome to Colonel 
Dixon, Director of the Society of American Military 
Engineers, on his first visit to the Institution. He 
hoped to see more of Colonel Dixon and his colleagues, 
and that their liaison would prove fruitful on both 
sides. 

In a reference to the discussion, the President said 
it was always good to hear the comments of a man with 
the experience of Mr. Handley. 

Concerning the argument as to “bell bottoms or 
no bell bottoms,” there seemed to be a good deal of 
reason behind both points of view, and he expected 
there were good points in each method. In the full- 
ness of time the results of the controversy would no 
doubt be available to all. 

He invited the meeting to repeat their expression of 
appreciation to Colonel Kirkland for the way in which 
he had dealt with the questions put to him. 
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Institution Notices and Proceedings 


ORDINARY GENERAL MEETING 


An Ordinary General Meeting of the Institution 
of Structural Engineers was held at 11, Upper Belgrave 
Street, London, S.W.1., on Thursday, 15th December, 
1960, atSp.m.  Lt.-Colonel G. W. Kirkland, M.B.E. 
(Mil.), M.I.Struct.E., M.I.C.E. (President) in the Chair. 

The following members were elected in accordance 
with the Bye-Laws. Will members kindly note that 
the elections, as tabulated below, should be referred 
to when consulting the Year Book for evidence of 
membership. 

STUDENTS 
BUTLER, Malcolm James, of Scunthorpe, Lincs. 
CARTER, Gordon Terence, of Coventry, Warwickshire. 
EpWARDS, Michael Roy, of Bolton, Lancs. 
Rep, Michael Irwin, of Belfast, Northern Ireland. 
ScoLLicK, Brian, of Ipswich, Suffolk. 
SHANKER, Prem, of Gorakhpur, U.P. India. 
SguARA, Maurizio, of Johannesburg, Transvaal, South 

Africa. 

WEBSTER, Rodney Michael, of London. 
WESGATE, Leonard George, of London. 


GRADUATES 


BABALOLA, Samuel Oladeji, B.Sc., of London. 

BANDYOPADHYAY, Himansu Kumar, B.E., of Calcutta, 
India. 

BUCKLE, Douglas Robert, of Ashford, Middlesex. 

BUDGEN, Roy Charles, of West Wickham, Kent. 

De, Ajit Kumar, B.Sc., B.E., of London. 

Evans, David Geoffrey Rhys, B.Sc., (Eng.), of Ashford, 
Middlesex. 

FasH, Donald Henry, of London. 

FEARN, Melvyn, of Riddings, Derbyshire. 

Fowora, Amos Adeoye, of London. 

FRASER, Robert, of Lenzie, Glasgow. 

FULLER, Peter Alfred, of Darlington, Co. Durham. 

HaLts, William Joseph, of London. 

HanpDA, Kamal Nath, B.A., of Middlesbrough, Yorks. 

Harris, Albert Frank, of Sutton-under-Brailes, Nr. 
Banbury, Oxfordshire. 

HurDLE, Anthony William, Ashford, Middlesex. 

Inpu, Debnarayan, B.E., of Burdwan, West Bengal, 
India. 

JAMEs, Keith, of Coventry, Warwickshire. 

JENKINSON, Geoffrey Eric, B.Sc., of Hatfield, Herts. 

JOANNIDES, Stavros Joannou, of London. 

KANSAL, Harbans Lal, B.A., B.Sc., of Derby. 

KAssEER, Ramsey Faraj, of Basrah, Republic of Iraq. 

KNELLER, Colin Anthony, of Bodmin, Cornwall. 

Knicut, David Raymond, of Littleover, Derbyshire. 

Le Goop, John Pumphrey, of Sudbury, Suffolk. 

LovELEss, Colin, B.Sc., A.M.I.C.E., of Angmering 
Green, Sussex. 

McMuttan, Eric Conrad Benson, of Belfast. 

Mauajan, Vasant Shridhar, B.E., of Bombay, India. 

MorGAN, Terence James Patrick, of Newport, Mon. 

MorrissEY, Frederick Walter, of London. 

PircrtM, Ernest Joseph, of Twickenham, Middlesex. 

Porton, Donald George, of Shoreham-by-Sea, Sussex. 

Roacu, Michael James, of Nairobi, Kenya, East 
\frica. 

SARHARWAL, Vedpal, B.Sc., of Mombasa, Kenya, East 
Africa. 

SKINNER, Anthony Mathurin, of Porthcawl, Glamorgan. 

Symes, Ronald Clive, of Wickford, Essex. 

Tatts, John Amos, of Liverpool. 


VENKATARAMAN, T. S., B.E., of Newport, Mon. 

Wass, John George, of Tibshelf, Derby. 

WHITEHEAD, Alan, of Salford, Lancs. 

WHITLOCK, Clifford James, of London. 

WHITTINGHAM, Peter Charles, of Olveston, Nr. Bristol. 
WILKINSON, Anthony Austin, of St. Austell, Cornwall. 


ASSOCIATE-MEMBERS 


LARNACH, William Job, M.Sc., A.M.I.C.E., of Bristol. 
White, Terence Clive, B.Sc., of Pontefract, Yorks. 


TRANSFERS 

Students to Graduates 

FIREBRACE, Andrew William, of Twickenham, Middle- 
sex. 

GorRTON, Stewart William, of Manchester. 
SHEPPARD, Brian Richard, B.Sc., of London. 
SIMMONS, Peter Francis, of Welling, Kent. 
WELLS, John Marshall, of Huddersfield, Yorks. 


Graduates to Associate-Members 


ELLIs, Ralph John, of Broxbourne, Herts. 

HayiM, Basil, of London. 

HockeEn, Alan, of London. 

KAnoo, Abdul Latif, of Bahrain, Arabian Gulf. 

POLLARD, Eustace Hughes Warren, of Kingston, 
Jamaica. 

SRINIVASAN, Seshradi, M.Sc., B.E., of Madras, India. 

VAN BLANKENSTEIN, Louis, B.Sc., (Eng.), of Van- 
couver, B.C., Canada. 

WELFORD, Paul Alexander, of Chesham Bois, Bucking- 
hamshire. 

WILLIAMS, Barrie Charles, of Johannesburg, South 
Africa. 


Associate-Members to Members 


BAIKOFF, Eugene Mare Alexander, of Johannesburg, 
Transvaal, South Africa. 

Mason, Alan Frank, M.I.C.E., A.M.I.Mun.E., of 
Causeway, Southern Rhodesia. 

Mason, Peter, B.Sc., M.I.C.E., of London. 

WALKER, Eric Stuart, B.Sc., A.M.I.C.E., of Bulawayo, 
Southern Rhodesia. 

CoopPER, Stanley Maurice, of Stourbridge, Worcs. 

CHALMERS, Joseph Alexander, M.I.Mun.E., of Ottawa, 
Canada. 

WILLiAMs, Hilton Vernon, B.Sc., A.M.I.C.E., of 
Southampton. 


Associate-Members to Retired Associate-Members 


HuGHEs, James O’Hanlon, F.R.I.B.A. (Ret.), of 
Dublin. 

SmiTH, Archibald Augustus, B.Sc., A.M.IL.C.E., of 
Rickmansworth, Herts. 

Witson, Ryves Bannatyne Poe, B.A., 
Pretoria, South Africa. 


BSc, al 


Members to Retirved-Members 


HARRISON, Sidney John, M.I.Mech.E., 
New Zealand. 

MANDERS, Jacob, M.M., M.I.Mech.E., of Southall, 
Middlesex. 

MARSDEN, Ralph Willans, of Leeds, Yorkshire. 


of Dunedin, 


‘SNEYD-KYNNERSLEY, Major Thomas Ralph, O,B.E., 


M.C., M.I.C.E., of Mayfield, Sussex. 
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OBITUARY 


The Council regrets to announce the deaths of 
Bernard Charles Britton, Fred EGER (Members), 
Frank Henry HEAVEN, Stanley George Gerald MALEY 
(Associate-Members), Basil Kenneth Hopce, Chan- 
dumal Bachumal MApHAv (Graduates). 


RESIGNATIONS 


Notification was given that the Council had accepted 
with regret the resignations of George ALLEN, Richard 
Carleton BLytH, Theodore Louis Bowrinec, Kiz- 
hanatham Sudarsana RAGHAVACHARY, Albert THOMER- 
son (Member), Ernest ASHWELL (Retired Member), 
Eldon Frederick Le Poer Power (Associate), James 
Michael Cassin, Cecil Starling CorKILL, Alan Jamieson 
FERGUSON, Kenneth GRAHAM, Eric Gilmour Loupoun, 
Andrew Nicot, Stanley Cecil VINCENT (Associate- 
Members), Harold William Rosinson, Robert Issell 
WeymoutH (Retired Associate-Members), John 
CARRUTHERS, William James Daty, Eric Arthur 
DILLEY, Andrzej] Szymon Waclaw DRoMLEwIcz, Das- 
harath Shankar FADALE, Cecil William Fincu, John 
Baron GARNETT, Bohdan Sedimir GENEROWICZ, Sidney 
James GEOGHEGAN, John Richard HEmmincs, Ronald 
John Horsey, Ivor Howpen, Peter Jory, Thomas 
Henry KELLAWAY, Edward KuczyNnski, Geoffrey 
James LEFEVER, Henry Lister, Alfred Lynpon, Eric 
Campbell MAcDERMID, John William Martin, John 
Francis O’CALLAGHAN, Ronald William PALMER, John 
Henry PoLAND, James Arthur Pope, Kenneth John 
PRANGNELL, Donald RosBinson, Manabendra SARKAR, 
Charles Arnold Stmmonps, Ayalur Seshairer StvARa- 
MAKRISHNAN, Derek Melvin WALKDEN, Donald WuitTE, 
(Graduates). James Peter Deas, Albert Edward 
EvERItTT, Ian Spence LiIrHGow, Donald George Howard 
LowEN, Ewen Beaton Mackay, John Edward Turner, 
Douglas Edward WauGu, Joseph Wonc TszE SENG 
(Students). 


FORTHCOMING MEETINGS 


The following meetings will be held at 11, Upper 

Belgrave Street, London, S.W.1. 
Thursday, 9th February, 1961 

Ordinary Meeting at 6 p.m., when Mr. J. B. Dwight, 
M.A., M.Sc., A.M.I.Mech.E., will give a paper on 
“ Aluminium Strut Design.” 

Thursday, 23rd February, 1961 

Ordinary General Meeting for the election of members 
only, 5 p.m. 

Thursday, 9th March, 1961. 

Ordinary Meeting at 6 p.m., when Professor S. R. 
Sparkes, M.Sc., Ph.D., M.1.Struct.E., M.I.C.E. (Member 
of Council) and Dr. J. C. Chapman, will give a paper 
on ‘‘ Model Methods, with particular reference to 
Three Recent Applications in the Field of Steel, 
Composite and Concrete Construction.” 


Thursday, 23rd March, 1961 
Ordinary General Meeting for the election of mem- 
bers, 5.55 p.m., followed by an Ordinary Meeting at 
6 p.m., when Mr. E. M. Lewis will give a paper on 
“Rubber Tyred Overhead Cranes—Their Influence on 
the Design of Industrial Buildings.” 


Thursday, 27th April, 1961 
Ordinary General Meeting for the election of mem- 
bers, 5.55 p.m., followed by an Ordinary Meeting at 
6 p.m., when Professor Dr. Ing. Konrad Sattler will 
give a paper on “‘ Composite Construction in Germany.” 
Members wishing to bring guests to the Ordinary 
Meetings announced above are requested to apply to 
the Secretary for tickets of admission. 
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EXAMINATIONS, JULY, 1961 


The Examinations of the Institution will next be 
held in the United Kingdom and overseas on thie 
11th and 12th July, 1961 (Graduateship) and the 13th 
and 14th July, 1961 (Associate-Membership). 


DRURY MEDAL AWARD—1961 


The alternative subjects for this the eighth Competi- 
tion, are a pipe-bridge and a petrol service station. 

Graduates and Students of the Institution not 
over 27 years of age are invited to apply for full 
details to the Secretary, envelope to be marked in 
the top left-hand corner ‘ Drury Medal Award.’ 

The closing date for the competition is October Ist, 

1961. 

The general conditions of the competition are as 

follows : 

(a) The competition shall be for Graduates and 
Students of not more than 27 years of age. 

(b) The subjects of the competition will be designs 
of a structural character, that is to say, involving 
structural design rather than planning. 

(c) The subjects of design and the conditions shall 
be prepared and issued biennially. 

(d) A Jury shall be appointed to examine the work 
submitted and to interview candidates if found 
necessary. 

(e) In order to ensure that the design submitted is 
the unaided work of the competitor, the drawings, 
calculations, etc., submitted shall be endorsed 
by the candidate : “I declare that the work 
I hereby submit is my own unaided work.” 
The declaration shall be signed by the competitor, 
and be either countersigned by a corporate 
member, or be certified as made before a Justice 
of the Peace, or a Commissioner for Oaths. 


INSTITUTION AWARDS 


The following awards have been made for papers 
read before the Institution and at the Branches during 
the Session 1959-60 :— 

London (Headquarters) Prize 

Mr. T. C. Waters, for a paper, “ The Structural 
Engineer in the Field of Atomic Energy.” 
Lancashire and Cheshire Branch 

Professor A. W. Hendry, for a paper, ‘‘ Some Aspects 
of Model Analysis of Structures.” 

Northern Counties Branch 

Mr. J. H. H. Gillespie, for a paper, ““ The Moderni- 
sation of British Waterways, with particular reference 
to the South-Eastern Division.” 

Mr. D. W. Cooper and Dr. J. D. Geddes, for a 
paper, “Structures in Areas of Mining Subsidence.” 
Northern Ireland Branch 

Mr. F. J. Browne, for a paper, “‘ Prestressed Con- 
crete Manufacture and Construction, with special 
reference to a Factory in Northern Ireland.” 

Scottish Branch 


Mr. W. A. Henderson, for a paper, “ The Goliath i] 


Crane at Hunterston Nuclear Power Station.”’ 
South Western Counties Section 

Mr. J. D. Norfolk, for a paper, “The New Queen 
Elizabeth Dock at Falmouth.” 
Western Counties Branch 

Mr. C. E. Saunders, for a paper, “ Practical Appli- 
cation of the Engineer’s Training.”’ 
Yorkshire Branch 

Mr. E. J. Martin, for a paper, “‘ Reinforced Concrete 
Construction for a new Limestone Quarrying and 
Treatment Plant.” 
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RESEARCH AWARD 


The Council have awarded Research Diplomas to 
Dr. A. M. Neville and Mr. E. Lord for their paper, 
“Some Factors in the Shear Strength of Reinforced 
Concrete,” which was published in THE STRUCTURAL 
ENGINEER in July, 1960. 


REPRESENTATION 


The following Institution representatives have been 
appointed :— 
British Standards Institution Sprayed Asbestos Cement 
Insulation Committee and 
BSI Fire Resistant Thermal Insulating Asbestos 
Based Boards Committee 
Mr. A. R. Mackay. 
BSI Metal Scaffolding, Technical Committee, PEB/1 
Mr. G. B. Godfrey 
Norwich City College and Arts School, Building Depart- 
ment Advisory Committee 
Mr. G. Roadley-Simkin 
Glamorgan College of Technology, Advisory Committee 
Mr. W. D. Hollyman 


JOURNAL CASES AND BINDING, 1960 


A binding case can be supplied for the twelve issues 
of the Journal, January-December, 1960 (Volume 38), 
price 12s. 6d. including postage. The price for binding 
in half-leather, inclusive of packing and postage, is 
3ls. Od. per volume. 

It is requested that all parcels containing Journals 
forwarded for binding should bear the name and 
address of the sender and must be despatched to reach 
the Institution by the 28th April, 1961. 

An index will be included in all bound volumes. 

Members making their own arrangements for binding 
may obtain a copy of the Index upon application to 
the Secretary. 


EXAMINATIONS 
PREPARATION FOR THE EXAMINATIONS OF THE INSTITU- 
TION BY ATTENDANCE AT TECHNICAL COLLEGES 


A candidate for Graduateship or Associate-Member- 
ship may be able to attend a technical college ; these 
notes are intended to guide him in choosing the most 
suitable instruction. 


PREPARATION FOR THE GRADUATESHIP EXAMINATION 
Technical Colleges offer : 


(a) Full-time or Sandwich courses for degrees or 
for Higher National Diplomas or College 
Diplomas in Building or Engineering. 


(b) Part-time day or evening course for Higher 
National Certificates in Building or Engineering. 


[f he obtains a Higher National Certificate or 
Diploma complying with the exempting qualifications 
of the Regulations Governing Admission to Member- 
ship, the candidate will be exempted from the Gradu- 
ateship Examination. 

\lternatively, he may study subjects selected from 
the available courses and sit the Graduateship Examin- 
ation, At technical colleges, courses are usually 
available in Mathematics, Building Science or Engin- 
eering Science, Strength of Materials, Theory of 
Structures, Surveying and Engineering Geology, but 
students are not normally allowed to select subjects 
from National Diploma or Certificate courses unless 
they can show evidence of sound training in more 
elementary studies. The advice of the college 
authorities should be followed. 


81 


PREPARATION FOR THE ASSOCIATE-MEMBERSHIP 
EXAMINATION 


At some technical colleges there are part-time 
courses in Structural Engineering which cover the 
syllabus of the Associate-Membership Examination. 
At other colleges the candidate must rely on Higher 
National Certificate courses or on advanced courses in 
Building or Civil Engineering covering only part of 
the requirements for the Associate-Membership Ex- 
amination. 

Colleges in List ‘A’ provide at least two years of 
instruction in Theory of Structures and in Structural! 
Engineering Design and Practice up to Associate- 
Membership standard. 

List ‘A’ 

Bath Technical College. 

Belfast College of Technology. . 

Birmingham College of Advanced Technology. 

Bolton Technical College. 

Bradford Institute of Technology. 

Bridgend Technical College. 

Bristol College of Technology. 

Chesterfield College of Technology. 

Coatbridge Technical College, Lanarkshire. 

Derby & District College of Technology. 

Dudley & Staffordshire Technical College. 

Ewell County Technical College. 

Glasgow Royal College of Science & Technology. 

City of Liverpool College of Building. 

L.C.C. Brixton School of Building, S.W.4. 

L.C.C. Hammersmith College of Art & Building. 

Manchester College of Science & Technology. 

Middlesbrough, Constantine Technical College. 

Nottingham & District Technical College. 

Portsmouth College of Technology. 

Salford, Royal Technical College. 

S.E. London Technical College, Worseley Bridge 

Road, S.E.26. 

S.W. Essex Technical College, Walthamstow, E.17. 

Southampton Technical College. 

Stafford County Technical College. 

Stockport College of Further Education. 

Tottenham Technical College. 

Twickenham Technical College. 

Willesden Technical College, N.W.10. 

Colleges in List ‘B’ provide instruction in Theory 
of Structures to Associate-Membership standard, but 
instruction in Structural Engineering Design and 
Practice is not usually so complete. 


List ‘B’ 
Brighton Technical College. 
Cardiff Technical College. 
Edinburgh, Heriot-Watt College. 
Huddersfield Technical College. 
Leeds College of Technology. 
London, Battersea College of Technology, S.W.11. 
London, Northampton College of Advanced Tech- 
nology, London, E.C.1. 
L.C.C. Westminster Technical College, S.W.1. 
Newcastle upon Tyne, Rutherford College of Tech- 
nology. 
Plymouth & Devonport Technical College. 
Preston Harris Institute. 
Rotherham College of Technology. 
S.E. Essex Technical College, Dagenham. 
Wigan Mining & Technical College. 
Woolwich Polytechnic, S.E.18. 
West Ham College of Technology. 
Students are advised to take the organised courses 
in Structural Engineering where these are available. 








Branch Notices 


LANCASHIRE AND CHESHIRE BRANCH 
The following meetings have been arranged : 


Friday, 3rd February, 1961. 
Annual Dinner Dance. 
In the Derby Suite, Midland Hotel, Manchester. 
Wednesday, 15th February, 1961 

Joint Meeting with the Institute of Welding. Mr. 
W. Bates, M.I.Struct.E., (Past Chairman, Lancashire 
and Cheshire Branch) on “ The Influence of Welding 
on Structural Design.” 

Tuesday, 14th March, 1961 

Mr. F. Turton, M.I.Struct.E., on “ Railway Bridge 

Work in the Liverpool/Manchester Area.” 
Thursday, 13th April, 1961 

Annual General Business Meeting, to be followed by 
a paper entitled ‘“ Power Stations as a Structural 
Problem ” by Mr. H. Dickson, A.M.I.Struct.E. 

Unless otherwise stated, meetings will be held at 
the College of Science and Technology, Manchester, 
commencing at 6.30 p.m. Light refreshments will 
be available from 5.45 p.m. 


MERSEYSIDE PANEL 


Tuesday, 21st February, 1961 


Junior Members’ Eyening. 
At the College of Building, Clarence Street, Liverpool. 
Monday, 20th March, 1961 

Professor Sir Alfred Pugsley, O.B.E., D.Sc., (Eng.), 
F.R.S., M.1.Struct.E., M.I1.C.E., F.R.Ae.S., (Past 
President), on “‘ Behaviour of Tubular Structures 
in Compression-Static and Dynamic.” 

At Liverpool University in the New Civil Engineering 
Building, Brownlow Hill. 

Thursday, 6th April, 1961 

Annual General Meeting of the Merseyside Panel. 

At the Liverpool Engineering Society, The Temple, 
Dale Street, Liverpool. 

All meetings will commence at 6.30 p.m. and will 
be preceded by light refreshments from 5.30 p.m. 
Joint Hon. Secretaries: Wm. S. Watts, M.I.Struct.E., 
A.M.I.C.E., 11, Newchurch Lane, Culcheth, Nr. 
Warrington, Lancs. M. D. Woods, 8, Dennison Road, 
Cheadle Hulme, Cheshire. 


MIDLAND COUNTIES BRANCH 

The following meetings have been arranged : 

Friday, 24th February, 1961 

Mr. R. E. Rowe, M.A., M.I.C.E., on “‘ Computers 
and Structural Design—the present position and future 
trends.” 

Tuesday, 7th March, 1961 

Mr. K. Wardell, F.R.I.C.S., M.I.M.E., F.G.S., on 
“Mining Subsidence, Design Problems and Remedial 
Measures.” 

At the East Midlands Electricity Board Showrooms, 
Irongate, Derby, at 6.45 p.m. Tea will be served 
from 5.45 p.m. 

Friday, 24th March, 1961 

Dr. Geoffrey Brock, A.M.I.C.E., on “ Models for 

Design and Research in Reinforced Concrete.” 
Friday, 28th April, 1961 

Thirty-fifth Annual General Meeting. Mr. G. B. 
Smedley, B.Sc.(Tech.) A.M.I.Struct.E., A.M.L.C.E., 
and Mr. G. M. Mills, B.Sc.(Tech.), A.M.I.Struct.E., 
A.M.I1.C.E., A.M.I.Mun.E., on “‘ Modern Urban High- 
way Structures.” 
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Unless otherwise stated, all meetings will be held 
at the Byng Kendrick Suite, College of Advanced 
Technology, Gosta Green, Birmingham, 6, at 6.30 
p-m. Tea will be served from 5.45 p.m. 

Hon. Secretary : S. M. Cooper, M.I.Struct.F., 
“‘ Applegarth,”” Hyperion Road, Stourton, Nr. Stour- 
bridge, Worcs. 

GRADUATES’ AND STUDENTS‘ SECTION 
The following meetings have been arranged : 
Friday, 3rd February, 1961 

Mr. S. G. Piggot, Principal Engineering Assistant 
in the Birmingham Public Works Structural Depart- 
ment, on “ Structural Engineering in the Constructicn 
of the Inner Ring Road.” 

Friday, 3rd March, 1961 

“Report on a Visit to Brazil, Venezuela and 
Mexico”’ by Dr. Dennis Matthews, M.I.Struct.E., 
M.I.C.E. (Vice-President). 

Friday, 7th April, 1961 

Address by the Branch Chairman, Mr. G. Botteley, 
T.D., M.1.Struct.E., M.I.C.E., on “‘ The Reconstruc- 
tion of Pershore Lock.”” Followed by the 14th Annual 
General Meeting. 

Unless otherwise stated, all meetings will be held 
at the Engineering Centre, Stephenson Place, Birming- 
ham, and will commence at 6.30 p.m. Tea will be 


served from 6 p.m. 
Hon. Secretary: H. T. Dodd, Shepherd’s Cottage, 
Grove Lane, Wishaw, Sutton Coldfield, Warwickshire. 


NORTHERN COUNTIES BRANCH 

The following meetings have been arranged : 

Wednesday, 1st February, 1961 

Students’ and Graduates’ Meeting. Address by 
Mr. W. E. J. Budgen, B.Sc., M.I.Struct.E., M.I.C.E., 
at Newcastle. 

Tuesday, 7th February, 1961 

Joint Meeting with the Northern Counties Association 
of the Institution of Civil Engineers, 5.45 p.m., for 
6.15 p.m. Mr. J. F. Pain, M.C., B.Sc.(Eng.), M.I.C.E., 
on “The Channel Crossing—Bridge or Tunnel.” 
At Middlesbrough. 

Friday, 24th February, 1961 

Annual Dinner Dance. At the Banqueting Rooms, 

Newcastle Racecourse Grandstand. 7.30 p.m. 
Wednesday, 1st March, 1961 

Mr. W. G. Gentry, M.I.Struct.E., A.M.I.C.E., on 
“The Design, Fabrication and Erection of Welded 
Girders for the South Durham Steel and Iron Co., 
Ltd., Greatham.” At Newcastle. 

Tuesday, 7th March, 1961 

The above paper will be repeated at Middlesbrough. 
Wednesday, 5th April, 1961 

Lecture to be arranged. At Newcastle. 
Thursday, 6th April, 1961 

Annual General Meeting. Lecture to be arranged. 
At Middlesbrough. 

Friday, 28th April, 1961 

Annual Dinner, at the Corporation Hotel, Middles- 
brough, 7.30 p.m. 

Unless otherwise stated, meetings in Newcastle will 
be held at the Neville Hall and those in Middlesbrough 
at the Cleveland Scientific and Technical Institution, 
and will commence at 6.30 p.m., preceded by a buffet 


tea at 6 p.m. 
Hon. Secretary: P. D. Newton, B.Sc.(Eng.), 
M.1.Struct.E., A.M.I.C.E., Messrs. S. Cussons & Part- 
ners, 112, Borough Road, Middlesbrough. 
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NORTHERN IRELAND BRANCH 
The following meetings have been arranged : 


Tuesday, 7th February, 1961 


Mr. L. Clements, A.M.I.Struct.E., A.M.I.C.E., 
A.M.I.Mun.E., on “‘ Concrete Bridge Design.” 


Tuesday, 7th March, 1961 
Annual Dinner. 


Tuesday, 4th April, 1961 

Annual General Meeting and Films. 

Meetings will be held in the Civil Engineering 
Department, David Keir Building, Queen’s University, 
Belfast, at 6.30 p.m., unless otherwise notified. Tea 
will be served from 5.45 p.m. to 6.30 p.m. 

Hon. Secretary: L. Clements, A.M.I.Struct.E., 
A.M.I.C.E., A.M.I.Mun.E., 3, Kingswood Park, Cherry- 
valley, Belfast 5. 


SCOTTISH BRANCH 
The following meetings have been arranged : 


Friday, 17th February, 1961 
Joint Meeting with the Glasgow and West of Scot- 
land Association of the Institution of Civil Engineers. 
Mr. T. C. Waters, M.I.Struct.E. (Member of Council : 
Past Chairman, Lancashire and Cheshire Branch) on 
“The Development of Nuclear Power in the United 
Kingdom.” 
Tuesday, 21st March, 1961 
Mr. A. P. Mason, B.Sc.(Hons.), M.1I.Struct.E., 
M.I.C.E .(Past Chairman, Midland Counties Branch) 


on “The Design and Construction of the Pannier 
Market at Plymouth.” 


Tuesday, 18th April, 1961 
Annual General Meeting. 
Meetings will be held at The Institution of Engineers 
and Shipbuilders, 39, Elmbank Crescent, Glasgow, 
commencing at 7 p.m. 


Hon. Secretary: W. Shearer Smith, M.I.Struct.E., 
A.M.I.C.E., c/o The Royal College of Science and 
Technology, George Street, Glasgow, C.1. 


SOUTHERN BRANCH 


The following meetings have been arranged : 


Friday, 10th March, 1961 
Mr. H. Tottenham, on ‘‘ Timber Structures.” 


Wednesday, 8th April, 1961 
Visit to Winfrith Atomic Energy Establishment. 


Friday, 21st April, 1961 
Visit to new buildings for University under con- 
struction. 
Annual General Meeting, followed by films. 
Unless otherwise stated, all meetings will be held 
at the Engineering Lecture Theatre, University of 
Southampton, at 6.30 p.m., preceded by tea at 6 p.m. 


Hon. Secretary : A. P. K. Tate, B.Sc., A.M.1.Struct.E., 
Department of Civil Engineering, The University, 
Southampton. 
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WALES AND MONMOUTHSHIRE BRANCH 


The following meetings have been arranged : 


Wednesday, 1st February, 1961 
Joint Meeting with the South Wales Institute of 
Architects, Western Branch. Mr. Howel Menders, 
L.R.I.B.A., and Mr. J. M. Burke, M.A., A.M.I.Struct.E., 
on “‘ The Planning and Design of the Central Market, 
Swansea.” At Swansea. 


Thursday, 2nd February, 1961 
Joint Meeting with the Institution of Civil Engineers 
and the Institution of Municipal Engineers. Mr. E. 
C. Roberts, M.Eng., M.I.C.E., M.I.Mun.E., on “ Multi- 
Storey Car Parks.” At Cardiff. 


Tuesday, 21st February, 1961. | 

Mr. L. R. Creasy, B.Sc.(Eng.), M-1.Struct.E., 
M.I.C.E., on ‘‘ Economics of Framed Structures.” 
At Cardiff. 

Friday, 3rd March, 1961 

Joint Meeting with the Reinforced Concrete Asso- 
ciation. Mr. F. R. Benson, B.Sc.(Eng.), A.M.I.C.E., 
on “ Lift Slab Construction.” 


Friday, 17th March, 1961 
Annual Dinner, at Langland Bay Hotel, Swansea. 


Friday, 22nd March, 1961 

Students’ papers and films. At Swansea. 

Meetings at Cardiff will be held at the South Wales 
Institute of Engineers, Park Place, and will commence 
at 6.30 p.m. Meetings at Swansea will be held at 
the Mackworth Hotel, High Street, and will commence 
at 6.30 p.m. 

Hon. Secretary: W. D. Hollyman, A.M.1.Struct.E., 
41, Greenfield Avenue, Dinas Powis, Glamorgan. 


SOUTH-WESTERN COUNTIES SECTION 
The following meetings have been arranged : 


Friday, 27th February, 1961 

Joint Meeting with the Institution of Civil Engineers. 
Mr. F. Fancutt (Assistant Director of Research 
B.T.C.) and Mr. J. C. Hudson (Head of Corrosion 
Section, British Iron and Steel Research Association) 
on “ The Choice of Protective Schemes for Structural 
Steelwork.”’ At the Duke of Cornwall Hotel, Plymouth. 
Tea at 5.30 p.m., followed by meeting at 6 p.m. 


Friday, 24th March, 1961 
Joint Meeting with the Cement and Concrete 
Association. Mr. R. I. T. Williams, B.Sc., A.M.I.C.E., 
A.M.Inst.H.E., on “‘ Mix Design and Quality Control 
of Concrete.” At the Duke of Cornwall Hotel, Ply- 
mouth, at 6 p.m., preceded by tea at 5.30 p.m. 


Friday, 21st April, 1961 
Annual General Meeting of the Section, at the 
Duke of Cornwall Hotel, Plymouth, at 6 p.m., preceded 
by tea at 5.30 p.m. 
Hon. Secretary: C. J. Woodrow, J.P., “ Elstow,” 
Hartley Park Villas, Mannamead, Plymouth, Devon. 


WESTERN COUNTIES BRANCH 


The following meetings have been arranged : 


Friday, 3rd February, 1961 
Joint Meeting with the Bristol and Somerset Society 
of Architects. The Meeting will be held as a Forum, 
the Panel answering questions submitted by members. 
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Panel :- 

Architect : Mr. M. J. Hislop, A.R.I.B.A., F.R.S.A. 

Quantity Surveyor: Mr. R. H. Mildred, F.R.I.C.S., 
F.I.Arb. 

Contractor : Mr. R. C. Lorraine, B.Sc.(Eng.). 

Engineer: Mr. Lewis E. Kent, B.Sc., M.I.Struct.E., 


M.I.C.E. (Past President). 
Question Master: Mr. Clifford E. Saunders, 


M.1.Struct.E. 


Tuesday, 14th February, 1961 


Annual Dinner and Dance. 
To be held at the Ashton Court Country Club, 


Failand, Bristol, from 7.30 p.m. to 1.0 a.m. 


Friday, 3rd March, 1961 


Joint Meeting with the Institution of Civil Engineers 
(South Western Association). Mr. A. L. Brake, 
A.M.I.Struct.E., on “‘ Berkeley Power Station—some 
special Factors influencing Design and Construction.” 


Friday, 7th April, 1961 

Annual General Meeting 6 p.m., followed at 6.45 
p-m. by a paper, “‘ Mechanical and Electrical Problems 
Associated with Multi-Storey Construction ’’ by Mr. 
G. K. Medlock, J.P., A.M.I.Mech.E., and a film, 
“ The Pirelli Building in Milan.” 

All meetings will be held in the Small Lecture 
Theatre of the University Engineering Laboratories, 
University Walk, Bristol, 8, at 6 p.m., preceded by 
tea at 5.30 p.m. 

Hon. Secretary : A. C. Hughes, M.Eng., A.M.1I.Struct.E., 
A.M.I.C.E., 21, Great Brockeridge, Bristol, 9. 


YORKSHIRE BRANCH 
The following meetings have been arranged : 


Wednesday, 1st February, 1961 
Mr. J. K. Anderson, M.A., M.I.C.E., will give a 
paper on “The Runcorn-Widnes Bridge Project.” 
At Sheffield. 


Wednesday, 15th February, 1961 


Mr. E. R. Bowers, Works Superintendent, Dorman 
Long, Ltd., will give a paper on “‘ Bridge Construction.” 


Wednesday, 1st March, 1961 
Joint Meeting with the Hull and East Riding 
Branch of the Institution of Civil Engineers. Mr. R. 
A. Fisher, A.M.I.C.E., on “ The Design and Construc- 
tion of New Transit Sheds at No. 12 Quay, King 
George Dock, Hull.” In the Lecture Theatre, Elec- 
trical Building, Ferensway, Hull, 6.15 p.m. 


Wednesday, 15th March, 1961 
Mr. L. R. Creasy, B.Sc.(Eng.), M.I.Struct.E., 
M.I.C.E., and Mr. L. Scott White, O.B.E., 
M.I.Struct.E., M.I.C.E. (Past President) on “ Water 
Excluding Structures.” At Hull. 
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Tuesday, 21st March, 1961 


Joint Meeting with the East Midlands Association” 
of the Institution of Civil Engineers. Mr. A. L.7 
Brake, A.M.I.Struct.E., on “ Civil Engineering Prob- 
lems in Nuclear Power Station Construction.” At? 
the Blue Bell Hotel, Scunthorpe, at 6.15 p.m. 


Friday, 24th March, 1961 


Annual Dinner and Dance, at the Griffin Hotel, 
Leeds, at 7 p.m. ; 


Wednesday, 19th April, 1961 

Annual General Meeting, followed by a paper— 
“Timber as a Structural Material” by Mr. Il. H.| 
Paxton, M.A.(Cantab.), A.M.I.Struct.E., at Leeds. 

Meetings at Leeds will be held at the Metropole Hotel, 
King Street, unless otherwise stated, and meetings” 
at Sheffield at the Royal Victoria Hotel. Meetings 
will commence at 6.30 p.m., preceded by a buffet tea 
at 6.15 p.m. 
Hon. Secretary: W. B. Stock, A.M.I.Struct.E., 34, 
Hobart Road, Dewsbury, Yorks. 


UNION OF SOUTH AFRICA BRANCH 


Hon. Secretary: E. B. Kretzchmar, A.M.1.Struct.E., 
P.O. Box 3306, Johannesburg, South Africa. 

Natal Section Hon. Secretary: J. C. Panton, 
A.M.1.Struct.E., A.M.I.C.E., c/o Dorman Long (Africa) © 
Ltd., P.O. Box 932, Durban. 

Cape Section Hon. Secretary: R. F. Norris, 
A.M.1I.Struct.E., African Guarantee Building, 8, St. 


George’s Street, Cape Town. 


EAST AFRICAN SECTION 


Hon. Secretary: K. C. Davey, A.M.I.Struct.E., P.O.” 
Box 30079, Nairobi, Kenya. 


SINGAPORE AND FEDERATION 
OF MALAYA SECTION 


Hon. Secretary : J. R. M. MacIntyre, A.M.I.Struct.E., 7 
c/o Redpath, Brown & Co. Ltd., P.O. Box 648, Singa-7 
pore. 


NIGERIAN SECTION 


Hon. Secretary: A. Brimer, A.M.I.Struct.E., Brimer, 
Andrews & Nachshen, Private Mail Bag, 2295, Lagos,” 
Nigeria. 


AUCKLAND (NEW ZEALAND) SECTION 


The first official meeting of the Section was held on™ 
the 13th December, 1960, when a paper entitled | 
“The Design and Construction of Bulk Storage 
Tanks ” was presented by Mr. A. Rudd. 
Hon. Secretary : A. Donald, B.Sc.(Hons.), 
A.M.1.Struct.E., 122, Matipo Road, Te Atatu, Auck 7 
land, New Zealand. : 








